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I. I N T R O D U C T I O N  

1. HISTORY AND DEVELOPMENT 

The hydrogen-oxygen (H2-02) f u e l  c e l l  was f i r s t  

r e p o r t e d  by Grove [ 1 1  i n  1839. I n  h i s  e x p e r i m e n t s ,  Grove 

d e s c r i b e d  a method i n  which e l e c t r i c i t y  was g e n e r a t e d  b y  

s u p p l y i n g  hydrogen and oxygen t o  two s e p a r a t e  e l e c t r o d e s  

immersed i n  s u l f u r i c  a c i d .  A schemat ic  d iagram o f  t h i s  f u e l  

c e l l  i s  g i v e n  i n  F i g u r e  1. I n  t h e  c e l l  hydrogen was 

o x i d i z e d  a t  t h e  anode, p r o d u c i n g  hydrogen i o n s  and r e l e a s i n g  

e l e c t r o n s  i n t o  t h e  e x t e r n a l  c i r c u i t .  A t  t h e  ca thode,  

e l e c t r o n s  were accep ted  f r o m  t h e  e x t e r n a l  c i r c u i t ,  and 

oxygen was reduced y i e l d i n g  h y d r o x i d e  i o n s  (OH-) [2 ] .  The 

f is t  r e a c t i o n  w a s  one i n  w h i c h  hydrogen and oxygen combined 

t o  f o r m  wa te r .  

S ince  t h e  t e r m i n a l  v o l t a g e  o f  an i n d i v i d u a l  f u e l  c e l l  

i s  l o w  ( a p p r o x i m a t e l y  one v o l t )  f u e l  c e l l s  a r e  u s u a l l y  

connec ted  i n  s e r i e s  t o  p r o v i d e  a more u s e f u l  o u t p u t .  Such 

an ar rangement  i s  commonly r e f e r r e d  t o  as a f u e l  b a t t e r y .  

I n  1889, Mond and Langer  [ 2 ]  b u i l t  a hydrogen-oxygen f u e l  

b a t t e r y  u s i n g  e l e c t r o d e s  made o f  p l a t i n u m  s h e e t s  c o v e r e d  

w i t h  h i g h  s u r f a c e  a rea  p l a t i n u m  b l a c k  s e p a r a t e d  b y  a p o r o u s  

P l a s t e r  o f  P a r i s  diaphragm w h i c h  c o n t a i n e d  t h e  e l e c t r o l y t e .  

A l t h o u g h  t h e  o u t p u t  was poor  and t h e  b a t t e r y  expens ive ,  i t  
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was  probably t h e  f i r s t  fuel  b a t t e r y  t o  g i v e  a measurable 

power [ 21 .  In 1913, S ieg l  [ 4 ]  improved t h e  Mond and Langer 

b a t t e r y  by d i spe r s ing  the platinum black on carbon 

p a r t i c l e s .  The decrease  i n  platinum load ing  s i g n i f i c a n t l y  

reduced the c o s t  of t h e  fuel  c e l l .  In 1965, Haldeman found 

t h a t  g r e a t l y  enhanced performance could be achieved by 

mixing a d i s p e r s i o n  of T e f l o n  w i t h  platinum black c a t a l y s t  

and suppor t ing  the  r e s u l t i n g  mixture  on a metal sc reen .  

No r e a l  a t t empt s  were made t o  engineer  a useful power 

u n i t  u n t i l  1 9 3 2  when F.T .  Bacon and J.C. F r o s t ,  working a t  

Cambridge, decided t o  make a useful power source  based on a 

simple H2-02 c e l l .  

demonstrat ion of a s i x  k i lowa t t  H2-02 f u e l  b a t t e r y  [ 5 ]  

i n  1959. 

Their  work culminated i n  t h e  

A s  an a l t e r n a t i v e  energy conversion dev ice ,  f u e l  c e l l s  

have shown c o n s i d e t a b l e  promise. The m o s t  common m e t h o d  of 

2nergy c o n v e r s i o n  i s  by a heat  engine i n  which h e a t  der ived  

from a chemical r e a c t i o n  i s  converted t o  mechanical energy 

by expanding gases .  

c y c l e  [SI, and p r a c t i c a l  e f f i c i e n c i e s  f o r  energy conversion 

a r e  between 30% and 40%. I n  a f u e l  c e l l ,  f o s s i l  f u e l s  l i k e  

coa l  can e i t h e r  be oxidized d i r e c t l y ,  o r  they can be 

converted t o  hydrogen by the water  gas  p rocess ,  and t h e  

hydrogen oxid ized  i n  t he  fuel c e l l .  

T h i s  process  i s  governed by Carno t ' s  

Since the  e f f i c i e n c y  of 
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t h e  f u e l  c e l l  i s  n o t  l i m i t e d  by C a r n o t ' s  c y c l e ,  ene rgy  

c o n v e r s i o n  i s  more e f f i c i e n t  t h a n  f o r  h e a t  e n g i n e s ,  and 75% 

p r a c t i c a l  e f f i c i e n c i e s  have been d e m o n s t r a t e d  [7 ] .  A1 s o ,  

s i n c e  no combus t ion  t a k e s  p l a c e ,  t h e  f u e l  c e l l s  do n o t  

g e n e r a t e  p o l l u t a n t s .  

F u e l  b a t t e r i e s  w h i c h  use p h o s p h o r i c  a c i d  o r  m o l t e n  

c a r b o n a t e  e l e c t r o l y t e  have been d e s i g n e d  f o r  t e r r e s t r i a l  use  

i n  u t i l i t y ,  commerc ia l ,  and m i l i t a r y  a p p l i c a t i o n s .  One o f  

t h e  f i r s t  d e m o n s t r a t i o n s  o f  a f u e l  b a t t e r y  f o r  commerc ia l  

a p p l i c a t i o n s  came i n  1959, when H. K. I h r i g  o f  

A1 1 i s -Cha lmers  demons t ra ted  t h e  now famous 20-horsepower 

f u e l  c e l l  t r a c t o r .  More r e c e n t l y ,  U n i t e d  Techno logy  

C o r p o r a t i o n  has  c o n s t r u c t e d  a 4.8 megawat t  u t i  1 i t y  

d e m o n s t r a t o r  p o w e r p l a n t  i n  Japan C81. However, f u e l  

b a t t e r i e s  a re  p r o h i b i t i v e l y  e x p e n s i v e ,  and few e c o n o m i c a l l y  

f e a s i b l e  a c i d  f u e l  c e l l  b a t t e r i e s  have been d e s i g n e d  f o r  

t e r r e s t r i a l  use. 

A1 though t e r r e s t r i a l  a p p l i c a t i o n s  have been l i m i t e d ,  

H2-02 f u e l  b a t t e r i e s  have been used i n  many s p a c e c r a f t .  

An a l k a l i n e  f u e l  b a t t e r y  w i t h  1.5 k i l o w a t t s  o f  power and 

w e i g h i n g  241 pounds was used as t h e  p r i m a r y  sou rce  o f  

e l e c t r i c i t y  f o r  t h e  NASA A p o l l o  m i s s i o n s  [8].  The o r b i t e r  

f u e l  c e l l  power p l a n t ,  used aboard  t h e  NASA Space S h u t t l e  

O r b i t e r ,  has an o u t p u t  o f  1 2  k i l o w a t t s  and we ighs  202 

pounds. These f u e l  b a t t e r i e s  e x h i b i t e d  power d e n s i t i e s  

e x c e e d i n g  one w a t t  p e r  square  c e n t i m e t e r  (W/cm 1 a t  c e l l  

v o l t a g e  e f f i c i e n c i e s  of  o v e r  70% [ 7 ] .  

2 
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R e c e n t l y ,  r e g e n e r a t i v e  H2-02 f u e l  b a t t e r i e s  have 

been examined as an energy  s t o r a g e  d e v i c e  f o r  t h e  NASA Space 

S t a t i o n .  I n  t h i s  a p p l i c a t i o n ,  s o l a r  a r r a y s  a r e  used t o  

c o n v e r t  s u n l i g h t  i n t o  e l e c t r i c i t y  d u r i n g  t h e  s u n l i g h t  

p o r t i o n  o f  t h e  o r b i t .  The excess e l e c t r i c i t y  i s  used t o  

e l e c t r o l y z e  wa te r ,  p r o d u c i n g  hydrogen and oxygen gas. These 

gases a r e  l a t e r  recombined i n  t h e  f u e l  b a t t e r y  d u r i n g  t h e  

o c c u l t  phase o f  t h e  o r b i t ,  g e n e r a t i n g  w a t e r  and e l e c t r i c i t y .  

2, THE OXYGEN CATHODE 

D e s p i t e  i n t e n s e  e f f o r t s  r4-73, few c o m m e r c f a l l y  v i a b l e  

f u e l  b a t t e r i e s  have emerged. T h i s  a t t e s t s  t o  t h e  

d i f f i c u l t i e s  encoun te red  i n  d e v e l o p i n g  a c o s t  e f f e c t i v e  f u e l  

b a t t e r y ,  A m a j o r  p rob lem i s  t h a t ,  a t  p r a c t i c a l  c u r r e n t  

d s n s i t i c s  l 109 ns/cm !, cel l  p o t e n t i a l s  d e v i a t e  

a p p r e c i a b l y  from t h e  thermodynamic va lues .  T h i s  d e v i a t i o n  

i s  p r i m a r i l y  due t o  t h e  i r r e v e r s i b i l i t y  o f  t h e  oxygen 

r e d u c t i o n  r e a c t i o n s  w h i c h  take  p l a c e  a t  t h e  c a t h o d e  193. 

These r e a c t i o n s  a r e  c o m p l i c a t e d  and w a r r a n t  f u r t h e r  

d i s c u s s i o n .  

I n  an a l k a l i n e  s o l u t i o n ,  t h e  e l e c t r o c h e m i c a l  r e d u c t i o n  

o f  oxygen s h o u l d  i d e a l l y  proceed a c c o r d i n g  t o  t h e  e q u a t i o n ,  

O 2  + 2 H 2 0  t 4e- = 40H- (1 1.  

T h i s  r e a c t i o n  i s  p redominant  on c l e a n  p l a t i n u m  [ l o ] ,  i r i d i u m  

[ll], rhod ium [ 1 2 ] ,  p a l l a d i u m  [ l 3 ] ,  and c e r t a i n  t r a n s i t i o n  

m e t a l  m a c r o c y c l i c s  [14] .  One mechanism w h i c h  has r e c e i v e d  

much s u p p o r t  i n v o l v e s  t h e  f o r m a t i o n  and d e c o m p o s i t f o n  of 
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s u r f a c e  o x i d e s .  The proposed mechanism f o r  t h e  d i r e c t  f o u r  

e l e c t r o n  r e d u c t i o n  o f  oxygen on p l a t i n u m  i s  [151 ,  

O 2  + 2M = 2MO ( l a )  

MO + H20 + e -  = MOH + OH- ( l b )  

MOH + e -  = M + OH- ( I C ) .  

However, s t u d i e s  have shown [10,16-21] t h a t  on mos t  

s u r f a c e s ,  such a s  g o l d  1221 ,  m e r c u r y  C231, and most  

t r a n s i t i o n  m e t a l  m a c r o c y c l i c s  l i k e  c o b a l t  t e t r a m e t h o x y  

p h e n y l  p o r p h y r i n  (CoTMPP) [ 2 4 ] ,  t h e  e l e c t r o c h e m i c a l  

r e d u c t i o n  o f  oxygen t a k e s  p l a c e  by way o f  two c o m p e t i n g  

p a r a l l e l  pathways. The f i r s t  pathway i s  g i v e n  by e q u a t i o n  

( l ) ,  and t h e  second pathway i s  a two e l e c t r o n  r e d u c t i o n  

w h i c h  i s  g i v e n  by t h e  e q u a t i o n ,  

O 2  + H20 + 2e- = HO; + OH- ( 2 )  

where t h e  p e r h y d r o x y l  i o n  (HO;) i s  f o rmed  as a r e a c t i o n  

p r o d u c t .  I s o t o p e  s t u d i e s  c a r r i e d  o u t  by Dav ies ,  C l a r k ,  

Yeager, and Hovorka E251 showed t h a t  a l l  o f  t h e  oxygen i n  

t h e  p e r h y d r o x y l  i o n  comes f rom oxygen gas, and t h a t  t h e  0-0 

bond i s  n o t  b r o k e n  d u r i n g  t h e  e l e c t r o c h e m i c a l  s t e p .  One 

mechanism wh ich  i s  c o n s i s t e n t  w i t h  t h e s e  f i n d i n g s  i n v o l v e s  

t h e  f o r m a t i o n  and d e c o m p o s i t i o n  o f  s u r f a c e  o x i d e s .  A 

p roposed  mechanism f o r  O 2  r e d u c t i o n  on  Au i n  an a l k a l i n e  

s o l u t i o n  i s  Gl5,26], 

M + O 2  = M02 

M02 + e -  = MO; 

Moi + H20 = MHO2 + OH- 

MHO2 + e-  = M + HO; 

( 2 a )  

( 2 b )  

( 2 c )  

( 2 d )  
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T h i s  i s  o n l y  one of  s e v e r a l  p roposed mechanisms [ 2 7 ] .  The 

mechanism may change, depending on pa ramete rs  such as 

e l e c t r o l y t e  medium, tempera ture ,  and e l e c t r o d e  m a t e r i a l .  

I t  i s  necessa ry  t o  reduce t h e  c o n c e n t r a t i o n  o f  HO; 

i n  o r d e r  t o  i n c r e a s e  t h e  e f f i c i e n c y  o f  t h e  f u e l  c e l l  and t o  

p r o l o n g  e l e c t r o d e  l i f e  by p r e v e n t i n g  a t t a c k  by HO;. 

T h i s  can be accomp l i shed  by t h e  f u r t h e r  r e d u c t i o n  o f  

HO; t o  OH-, w h i c h  fo rms  a c c o r d i n g  t o  t h e  e q u a t i o n ,  

HO; t H20 + 2e- = 30H- ( 3 ) .  

However, t h i s  r e a c t i o n  i s  known t o  be h i g h l y  i r r e v e r s i b l e ,  

and i s  n o t  e x p e c t e d  t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  

e l i m i n a t i o n  o f  HO; [28] .  

c h e m i c a l l y  decompose HO; a t  t h e  e l e c t r o d e  s u r f a c e  

a c c o r d i n g  t o  t h e  e q u a t i o n ,  

I t  i s  a l s o  p o s s i b l e  t o  

u s i n g  a s u i t a b l e  c a t a l y s t .  T h i s  r e a c t i o n  has been f o u n d  t o  

be f i r s t  o r d e r  w i t h  r e s p e c t  t o  t h e  b u l k  c o n c e n t r a t i s n  o f  

HO; f o r  a v a r i e t y  o f  c a t a l y s t s  C29-323. 

formed as a r e s u l t  o f  t h i s  d e c o m p o s i t i o n  can be r e c y c l e d  v i a  

r e a c t i o n s  ( 1 )  and ( 2 1 ,  i n c r e a s i n g  t h e  o v e r a l l  e f f i c i e n c y  o f  

t h e  f u e l  c e l l .  To d a t e  no t h e o r y  o f  e l e c t r o c a t a l y s i s  a l l o w s  

one t o  p r e d i c t  - a p r i o r i  the a c t i v i t y  o f  a g i v e n  c a t a l y s t ,  

t h e r e f o r e ,  t h e  development  o f  c a t a l y s t s  f o r  t h e  oxygen 

e l e c t r o d e  h a s  been l a r g e l y  e m p i r i c a l .  

b e t t e r  f u e l  c e l l  ca thode  i t  i s  necessa ry  t o  s c r e e n  c a t a l y s t s  

The oxygen 

I n  t h e  s e a r c h  f o r  a 
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f o r  a h i g h  k i n e t i c  a c t i v i t y  f o r  p e r o x i d e  decompos i t i on .  

o f  t h e  ma jo r  g o a l s  o f  t h e  p r e s e n t  r e s e a r c h  i s  t o  e v a l u a t e  

f i v e  d i f f e r e n t  methods o f  d e t e r m i n i n g  p e r o x i d e  d e c o m p o s i t i o n  

r a t e  c o n s t a n t s  w i t h  r e s p e c t  t o  r e l i a b i l i t y ,  and ease o f  

o p e r a t i o n .  T h i s  w i l l  be a c h i e v e d  by u s i n g  powders and 

Tef lon-bonded e l e c t r o d e s  o f  t h e  f o l l o w i n g  c a t a l y s t s :  

p l a t i n u m ,  g o l d ,  CoTMPP, and Lae5Pb 5Mn03. 

and g o l d  were chosen because t h e y  a r e  two o f  t h e  mos t  

i n t e n s i v e l y  s t u d i e d  e l e c t r o c a t a l y s t s  f o r  t h e  oxygen 

ca thode.  CoTMPP was chosen as a r e p r e s e n t a t i v e  o f  t h e  

t r a n s i t i o n  m e t a l  m a c r o c y c l i c s  because o f  i t s  pe r fo rmance  as 

an oxygen ca thode  [91.  

r e p r e s e n t a t i v e  o f  t h e  p e r o v s k i t e  c l a s s  o f  t r a n s i t i o n  m e t a l  

o x i d e s  as i t  had t h e  h i g h e s t  a c t i v i t y  f o r  p e r o x i d e  

d e c o m p o s i t i o n  o f  t h e  f o u r  p e r o v s k i t e s  screened.  

One 

P l a t i n u m  

La 5Pb 5Mn03 was chosen as a 

3. EXPERIMENTAL T E C H N I Q U E S  

3.1 S u r f a c e  a rea  measurement 

F o r  heterogeneous c a t a l y s i s ,  i t  i s  d e s i r a b l e  t o  e x p r e s s  

t h e  r a t e  c o n s t a n t s  i n  a form n o r m a l i z e d  t o  u n i t  c a t a l y s t  

s u r f a c e  area. I t  i s  t h e r e f o r e  i m p o r t a n t  t o  be a b l e  t o  

d e t e r m i n e  the t r u e  a c t i v e  s u r f a c e  a r e a  o f  t h e  c a t a l y s t .  

F o u r  d i f f e r e n t  methods o f  m e a s u r i n g  t h e  a c t i v e  s u r f a c e  a r e a  

were examined. 
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One of  the  most  f requent ly  used techniques  f o r  

determining c a t a l y s t  s u r f a c e  a rea  i s  low temperature  

n i t rogen  ( N 2 )  gas a d s o r p t i o n  ( B E T )  C331. 

u t i l i z e  the  l o w  temperature  a d s o r p t i o n  o f  a monolayer o f  

N2 g a s  o n t o  t he  s u r f a c e  o f  the sample. 

desorbed,  a n d  the  sample sur face  a rea  i s  c a l c u l a t e d  from the  

volume o f  g a s  desorbed a n d  the c r o s s - s e c t i o n a l  a r ea  o f  a 

N 2  molecule. 

a r e a s  o f  b o t h  powders and Teflon-bonded e l e c t r o d e s .  

B E T  measurements 

The N p  g a s  i s  

B E T  can be used t o  measure c a t a l y s t  s u r f a c e  

Double l a y e r  capac i tance  has been used t o  measure 

s u r f a c e  a r e a s  o f  e l e c t r o d e s  o f  many me ta l s  C34,351 a n d  some 

metal oxides  1361. I n  theory,  the double l a y e r  capac i t ance  

of  a c a t a l y s t  s h o u l d  be d i r e c t l y  p ropor t iona l  t o  s u r f a c e  

a r e a .  The t o t a l  capac i tance  can be measured by c y c l i c  

voltammetry using the  equat ion ,  

C = i / ! d V / d t )  !S! 

where C i s  the  double l a y e r  capac i t ance  i n  f a r a d s ,  i i s  t he  

c u r r e n t  i n  mil l iamps,  a n d  d V / d t  i s  t h e  scan r a t e  i n  

m i l l i v o l t s  per second (mV/s). I t  i s  assumed t h a t  t he  t o t a l  

c apac i t ance  i s  e q u a l  t o  t he  d o u b l e  l a y e r  capac i t ance .  I f  

t h e  capac i t ance  per  u n i t  sur face  a rea  o f  t h e  c a t a l y s t  i s  

known, e l e c t r o d e  capac i tance  can be used t o  c a l c u l a t e  t h e  

e l ec t rochemica l ly  a c t i v e  c a t a l y s t  s u r f a c e  a rea .  

Hydrogen adso rp t ion  has been used t o  measure t h e  

e l ec t rochemica l ly  a c t i v e  c a t a l y s t  surface a r e a s  of P t  

e l e c t r o d e s  [36-381. S u r f a c e  a rea  de te rmina t ion  i s  based 

u p o n  t h e  measurement o f  the  coulombic charge a s s o c i a t e d  w i t h  
9 



t h e  removal o f  an adsorbed mono laye r  o f  hydrogen,  w h i c h  i s  

e l e c t r o c h e m i c a l l y  o x i d i z e d  a c c o r d i n g  t o  t h e  e q u a t i o n ,  

( 6 ) .  
+ = H  + e -  Hads 

The P t  s u r f a c e  a r e a  i s  c a l c u l a t e d  u s i n g  t h e  c o n v e r s i o n  o f  

210 mic rocou lombs p e r  cm2 [37]. 

I t  i s  a l s o  p o s s i b l e  t o  c a l c u l a t e  c a t a l y t i c  s u r f a c e  

a r e a s  from powder s u r f a c e  a r e a  and c a t a l y s t  l o a d i n g .  These 

c a l c u l a t i o n s  a r e  based on t h e  a s s u m p t i o n  t h a t  100% o f  t h e  

c a t a l y s t  s u r f a c e  a r e a  i s  a v a i l a b l e .  

3.2 S t u d i e s  w h i c h  use c a t a l y s t  powder 

Three o f  t h e  methods used t o  d e t e r m i n e  HO; 

d e c o m p o s i t i o n  r a t e  c o n s t a n t s  r e q u i r e  c a t a l y s t  powder. Two 

o f  t h e s e  methods m o n i t o r  t h e  r a t e  o f  p r o d u c t i o n  o f  O 2  gas 

w h i c h  i s  formed as a r e a c t i o n  p r o d u c t .  The t h i r d  method 

m o n i t o r s  t h e  HO; c o n c e n t r a t i o n  d i r e c t l y  by m e a s u r i n g  

t h e  d i f f u s i o n  l i m i t i n g  c u r r e n t  a t  a r o t a t i n g  d i s k  e l e c t r o d e  

( R D E ) .  The e x p e r i m e n t a l  c o n d i t i o n s  e n c o u n t e r e d  i n  t h e  t h r e e  

s t u d i e s  a r e  v e r y  s i m i l a r .  

3.2A Gasometr ic  s t u d i e s  

I n  t h e  f i r s t  method, t h e  oxygen volume i s  m o n i t o r e d  

v e r s u s  t i m e  u s i n g  t h e  g a s o m e t r i c  assembly g i v e n  i n  F i g u r e  2 

[29,301. F i f t y  m i l l i g r a m s  (mg) o f  t h e  c a t a l y s t  i s  d i s p e r s e d  

i n  50 m i l l i l i t e r s  ( m l )  o f  31% KOH w i t h i n  t h e  s e a l e d  f l a s k .  

10 
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F i v e  ml o f  5% H202 i s  i n j e c t e d  i n t o  t h e  system t h r o u g h  

t h e  septum, and t h e  r a t e  o f  oxygen e v o l u t i o n  i s  measured a t  

25 O C  and a tmospher i c  p r e s s u r e ,  as t h e  oxygen gas 

d i s p l a c e s  m i n e r a l  o i l  i n  t h e  gas b u r e t .  The f i r s t  o r d e r  

pseudo-homogeneous r a t e  c o n s t a n t  ( k ' )  f o r  r e a c t i o n  ( 4 )  can 

be de te rm ined  from t h i s  d a t a  u s i n g  t h e  e q u a t i o n ,  

l n ( V m  - V t )  = l n ( V m )  - k ' x t  ( 7 )  

where Vm i s  t h e  maximum oxygen volume ( m l ) ,  and V t  i s  

t h e  oxygen volume ( m l )  a t  t i m e  t [30]. 

V,) v e r s u s  t i m e  i n  seconds ( s e c )  s h o u l d  y i e l d  a s t r a i g h t  

l i n e  w i t h  a s l o p e  equa l  t o  k ' .  The f i r s t  o r d e r  

heterogeneous r a t e  c o n s t a n t  ( k h )  i s  c o n v e n i e n t l y  exp ressed  

i n  a f o r m  n o r m a l i z e d  t o  c a t a l y s t  s u r f a c e  area ,  and can be 

c a l c u l a t e d  f rom k' u s i n g  t h e  r e l a t i o n s h i p ,  

A p l o t  o f  ln(V, - 

k h  = k 'xV1/McxAc ( 8 )  

where V1 i s  the s o l u t i o n  volume ( m l l ,  Mc i s  t h e  c a t a l y s t  

mass i n  grams (91,  and A, i s  t h e  c a t a l y s t  s u r f a c e  a r e a  i n  

c u b i c  c e n t i m e t e r s  (cm [311.  3 

3.2B Oxygen p robe  s t u d i e s  

I n  t h e  second method, t h e  gas phase oxygen 

c o n c e n t r a t i o n  i s  measured d i r e c t l y  u s i n g  an oxygen m e t e r .  

The e x p e r i m e n t a l  a p p a r a t u s  used i n  oxygen p r o b e  s t u d i e s  i s  

g i v e n  i n  F i g u r e  3 .  I n  an oxygen probe,  t h e  oxygen gas 

d i f f u s e s  t h r o u g h  a T e f l o n  membrane and i s  e l e c t r o c h e m i c a l l y  

12 
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reduced in s ide  the  probe. The r e s u l t i n g  c u r r e n t  i s  d i r e c t l y  

r e l a t e d  t o  the  gas phase oxygen concen t r a t ion .  F i f t y  mg o f  

the  c a t a l y s t  i s  d i spe r sed  i n  50 a1 of  31% K O H  w i t h i n  the  

r e a c t i o n  f l a s k .  

5% H202 i s  i n j e c t e d  i n t o  the  system. 

oxygen concent ra t ion  i s  monitored versus  time u s i n g  a 

recorder .  These d a t a  c a n  be used t o  c a l c u l a t e  t he  

The f l a s k  i s  purged w i t h  N p ,  a n d  5 m l  o f  

The g a s  phase  

pseudo-homogeneous r a t e  cons t an t  ( k ' )  u s i n g  the  equat ion ,  

l n ( % O p m  - % O Z t )  = 1n(%O2, , , )  - k ' x t  ( 9 )  

where % O Z m  i s  the maximum percent  oxygen, a n d  % O p t  i s  

t h e  percent  oxygen a t  time t .  A p l o t  o f  l n ( % O p m  - % O p t )  

versus  time ( s e c )  should be l i n e a r  w i t h  a s lope  equal t o  

-k'. 

be ca l cu la t ed  f rom k '  using equat ion ( 8 ) .  

The f i r s t  o rde r  heterogeneous r a t e  c o n s t a n t  ( k h l  can 

3.2C R o t a t i n g  d i s k  e l e c t r o d e  s t u d i e s  

The t h i r d  method u t i l i z e s  the r o t a t i n g  d i s k  e l e c t r o d e  

( R D E )  a p p a r a t u s  shown i n  F i g u r e  4 [31] .  F i f t y  mg o f  the  

c a t a l y s t  i s  d i spersed  i n  50 ml o f  31% K O H  w i t h i n  t he  

e lectrochemical  c e l l ,  a n d  5 m l  of 5% H202 i s  added t o  

t h e  s o l u t i o n .  

versus  time by measuring t h e  d i f f u s i o n  l i m i t i n g  c u r r e n t  for  

HO; o x i d a t i o n  a t  t he  r o t a t i n g  d i sk .  

concen t r a t ion  i s  c a l c u l a t e d  from the  d i f f u s i o n  l i m i t i n g  

c u r r e n t ,  I L  in amperes ( A ) ,  u s i n g  a rearranged form o f  t h e  

The HO; concen t r a t ion  i s  monitored 

The HO; 
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L e v i c h  e q u a t i o n  1211 ,  

C = IL / (0 .620xnFAcxv  /6xD2/3xf1 '2 ) ( 1  0 )  
2 where n=2, A, i s  t h e  e l e c t r o d e  a rea  (cm 1, v i s  t h e  

2 k i n e m a t i c  v i s c o s i t y  (cm /SI ,  D i s  t h e  d i f f u s i o n  

c o e f f i c i e n t  (cm /SI, and f i s  t h e  r o t a t i o n  f r e q u e n c y  i n  

r e v o l u t i o n s  p e r  m i n u t e  ( rpm) .  A f i r s t  o r d e r  p l o t  o f  

l n ( C / C o )  versus  t i m e  ( s e c )  s h o u l d  y i e l d  a s t r a i g h t  l i n e  w i t h  

a s l o p e  equal  t o  -k'. As i n  t h e  case o f  t h e  g a s o m e t r i c  and 

oxygen probe s t u d i e s ,  e q u a t i o n  ( 8 )  i s  used t o  c a l c u l a t e  k h  

f r o m  k ' .  

2 

3.3 S t u d i e s  w h i c h  use Te f lon -bonded  e l e c t r o d e s  

The l a s t  two methods f o r  d e t e r m i n i n g  HO; 

d e c o m p o s i t i o n  r a t e  c o n s t a n t s  u t i 1  i z e  Te f lon -bonded  

e l e c t r o d e s  wh ich  a r e  f a b r i c a t e d  from t h e  c a t a l y s t s  C401. 

The T e f l o n  a l l o w s  f o r  d i f f u s i o n  o f  oxygen gas i n t o  t h e  

e l e c t r o d e  pores  and a c t s  as a b i n d e r  f o r  t h e  c a t a l y s t  

powder. Carbon i s  o f t e n  added d u r i n g  t h e  f a b r i c a t i o n  

p r o c e s s  t o  i n c r e a s e  c o n d u c t i v i t y ,  p r e v e n t  c a t a l y s t  

a g g l o m e r a t i o n ,  and t o  i n s u r e  r e v e r s i b i l i t y  o f  r e a c t i o n  ( 2 )  

[40] .  The m i x t u r e  i s  p ressed  o n t o  a n i c k e l  sc reen  wh ich  

a c t s  as a c u r r e n t  c o l l e c t o r  and adds t o  t h e  s t r u c t u r a l  

i n t e g r i t y  o f  t h e  e l e c t r o d e ,  

16 



3.3A Open c i r c u i t  p o t e n t i a l  decay s t u d i e s  

HO; d e c o m p o s i t i o n  i s  m o n i t o r e d  by open c i r c u i t  

p o t e n t i a l  decay [31 I u s i n g  t h e  f l o a t i n g  e l e c t r o d e  h a l f - c e l l  

a p p a r a t u s  [41,42] g i v e n  i n  F i g u r e  5. The e x p e r i m e n t s  a r e  

c o n d u c t e d  i n  31% KOH a t  25 O C  and one atmosphere o f  

oxygen. I n  t h i s  e x p e r i m e n t  a c o n s t a n t  c a t h o d i c  c u r r e n t  

between .1 and 2 m A  i s  a p p l i e d  t o  t h e  w o r k i n g  e l e c t r o d e  

u n t i l  a s t e a d y - s t a t e  i s  reached. A f t e r w a r d s ,  t h e  c u r r e n t  i s  

i n t e r r u p t e d  and t h e  p o t e n t i a l  decay o f  t h e  w o r k i n g  e l e c t r o d e  

i s  m o n i t o r e d  v e r s u s  t ime .  A p l o t  of p o t e n t i a l  decay i n  

v o l t s  ( V )  v e r s u s  t i m e  ( s e c )  can be used t o  c a l c u l a t e  t h e  

f i r s t  o r d e r  he te rogeneous  d e c o m p o s i t i o n  r a t e  c o n s t a n t  

( k h ) ,  u s i n g  t h e  N e r n s t  e q u a t i o n  [40 ] ,  and t h e  r e l a t i o n s h i p  

E311  ( s e e  Append ix ) ,  
(Y,/Ac)xln(C/Co)-(RTCt/4F 2 A , ) x ( l / C  - l / C o )  = - k h x t  (11) 

where C i s  t h e  c o n c e n t r a t i o n  i n  mo les  p e r  c u b i c  c e n t i m e t e r  

imo l / cm ) a t  t i m e  t, Co i s  t h e  i n i t i a l  c o n c e n t r a t i o n  

(mol /cm ) ,  V1 i s  t h e  l i q u i d  vo lume w i t h i n  t h e  e l e c t r o d e  

p o r e s  (cm ) ,  A, i s  t h e  c a t a l y s t  s u r f a c e  a r e a  (cm 

and C t  i s  t h e  t o t a l  c a p a c i t a n c e  I n  f a r a d s  (F). 

e q u a t i o n  c o n s i d e r s  b o t h  t h e  f i r s t  o r d e r  c a t a l y t i c  

d e c o m p o s i t i o n  o f  HO;, and t h e  f u r t h e r  p r o d u c t i o n  o f  

HO; by  t h e  d i s c h a r g e  o f  t h e  t o t a l  c a p a c i t a n c e  a f t e r  t h e  

c u r r e n t  has  been i n t e r r u p t e d .  A t  s h o r t  t i m e s  o r  l a r g e  

3 

3 

3 2 

T h i s  
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HO; concentrations the f i r s t  term on the l e f t  h a n d  s ide 

of  the equation dominates, a n d  a f i r s t  order dependence i s  

observed. A p l o t  o f  l n ( C / C o )  versus time w i l l  y ie ld  a 
s t r a igh t  l i n e  w i t h  a slope e q u a l  t o  - ( A c / V l ) x k h .  A t  

l o n g  times o r  small HO; concentrations the second term 

o n  t h e  l e f t  h a n d  side o f  equation (11) dominates a n d  a 

pseudo-second order dependence i s  observed. 

- l / C o )  versus time ( sec )  should be l i nea r  w i t h  a slope 

A p l o t  o f  ( 1 / C  

equa l  t o  (4F 2 A c / R T C t ) X k h .  

3.38 Steady-state polarization s tudies  

HO; decomposition rate constants can  a l s o  be 

determined by steady-state polarization ( S S P )  measurements, 

using the f l o a t i n g  half-cell  apparatus described 

previously. I n  t h i s  technique, a p o l a r i z a t i o n  curve i s  

o b t a i n e d  galvanostatically by a p p l y i n g  a cathodic current 

between 1 0  a n d  100  m A  a n d  measuring the corresponding 

steady-state voltages. This d a t a  can  be used t o  generate 

Tafel p l o t s  using the Tafel equation c 2 1 1 ,  

N = ( 2 . 3 R T / a n F ) x l o g ( i o )  - ( 2 . 3 R T / a n F ) x l o g ( i )  (12) 

where N i s  the overvoltage vs R H E  ( V I ,  R i s  the gas  

constant,  T i s  the temperature i n  Kelvin, a i s  the t ransfer  

coef f ic ien t ,  n i s  the number  of moles of e lectrons 

t ransferred,  F i s  the Faraday constant,  i o  i s  the exchange 

cvrrent  ( A )  per cm2 of  geometrical surface area,  a n d  i i s  
2 the p o l a r i z i n g  current ( A / c m  1.  A p l o t  of  the 
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p o l a r i z a t i o n  ve rsus  t h e  l o g  o f  t h e  c u r r e n t  s h o u l d  y i e l d  a 

s t r a i g h t  l i n e  w i t h  a T a f e l  s l o p e  equa l  t o  -2.3RT/anF. I f  

oxygen r e d u c t i o n  t o  HO; i s  f a s t ,  and t h e  d e c o m p o s i t i o n  

o f  HO; i s  t h e  r a t e  l i m i t i n g  s t e p ,  t h e n  t h e  Ta fe l  s l o p e  

(assuming a = 0 . 5  i s  -29.6 mV/decade a t  25 OC. F o r  an 

e l e c t r o d e  whose T a f e l  s l o p e  approaches t h i s  va lue ,  a 

decompos i t i on  r a t e  c o n s t a n t  can  be c a l c u l a t e d  from t h e  

T a f e l  - l i n e a r  r e g i o n  o f  t h e  p o l a r i z a t i o n  cu rve ,  u s i n g  t h e  

N e r n s t  e q u a t i o n  C401 and t h e  r e l a t i o n s h i p  C311, 

1 = 2FACXkhXCHo2- ( 1  3 )  

where I i s  t h e  p o l a r i z i n g  c u r r e n t  i n  amperes ( A ) ,  F i s  t h e  

Faraday c o n s t a n t ,  A, i s  t h e  c a t a l y s t  s u r f a c e  a r e a  (cm 2 1 ,  

i s  t h e  s u r f a c e  p e r h y d r o x y l  i o n  c o n c e n t r a t i o n  'H02- 
(mol/cm 1 ,  and k h  i s  t h e  f i r s t  o r d e r  he terogeneous 

decompos i t i on  r a t e  c o n s t a n t  (cm/s) .  A p l o t  o f  c u r r e n t  ( A )  

ve rsus  t h e  c o n c e n t r a t i o n  o f  p e r o x i d e  (mol/cm s h o u l d  

y i e l d  a s t r a i g h t  l i n e  w i t h  a s l o p e  equa l  t o  2FAXkh. 

3 

3 
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11. EXPERIMENTAL 

1. REAGENTS 

The p o t a s s i u m  permanganate (KMn04) s o l u t i o n  was 

p r e p a r e d  by d i s s o l v i n g  3.21 gs KMn04 (C.P. Baker  Co. l o t  

N12549) i n  one l i t e r  o f  nanopure w a t e r .  The s o l u t i o n  was 

b o i l e d  g e n t l y  f o r  20 m inu tes ,  coo led ,  and f i l t e r e d  t h r o u g h  a 

s i n t e r e d  g l a s s  d i s k .  The f i l t r a t e  was c o l l e c t e d  i n  a b o t t l e  

w h i c h  was c l e a n e d  w i t h  chromic  a c i d  and d i s t i l l e d  w a t e r .  

The s o l u t i o n  was s t a n d a r d i z e d  u s i n g  .300 gs o f  sodium 

o x a l a t e  (Baker  Chemical  Co. P r i m a r y  S tandard ,  l o t  #43251) 

w h i c h  was d r i e d  i n  an oven a t  110  O C  f o r  t w o  hou rs .  

sodium o x a l a t e  was d i s s o l v e d  i n  240 m l  o f  c o n c e n t r a t e d  

s i i l f u r i c  a c i d .  

a t h r e e  m i n u t e  p e r i o d  and the  s o l u t i o n  was h e a t e d  t o  55 

O C .  The s o l u t i o n  was t h e n  t i t r a t e d  u n t i l  a f a i n t  p i n k  

c o l o r  p e r s i s t e d  f o r  30 seconds i 4 3 1 .  

The 

35 m l  of t h e  KMn04 s o l u t i o n  was added o v e r  

The 5% p e r o x i d e  s o l u t i o n  was p r e p a r e d  by  p i p e t t i n g  1 0  

m l  o f  90% u n s t a b l i r e d  p e r o x i d e  (FMC C o r p o r a t i o n ,  S p e c i a l t y  

Chemica ls  D i v i s i o n )  i n t o  a 250 m l  v o l u m e t r i c  f l a s k  and 

d i l u t i n g  t o  t h e  mark w i t h  nanopure w a t e r .  

t i t r a t e d  w i t h  t h e  KMn04 prepared p r e v i o u s l y .  Ten m l  o f  

t h e  p e r o x i d e  s o l u t i o n  was p i p e t t e d  i n t o  a 300 m l  beake r  

w h i c h  c o n t a i n e d  100  m l  o f  d i s t i l l e d  w a t e r  and 1 0  m l  o f  

c o n c e n t r a t e d  s u l f u r i c  ac id .  

T h i s  s o l u t i o n  was 

The s o l u t i o n  was t i t r a t e d  u n t i l  
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a f a i n t  p i n k  c o l o r  p e r s i s t e d  f o r  30 seconds [43] .  

The 31% KOH s o l u t i o n  was p r e p a r e d  u s i n g  a 45% w e i g h t  

p e r  c e n t  (w/w) KOH s o l u t i o n  ( F i s h e r  S c i e n t i f i c  Company, L o t  

#711940) .  

p l a c i n g  25 m l  o f  t h e  s o l u t i o n  i n  a v o l u m e t r i c  f l a s k  and 

w e i g h i n g  t h e  c o n t e n t s .  The w e i g h t  p e r  c e n t  o f  t h e  s o l u t i o n  

was o b t a i n e d  f rom a t a b l e  o f  c o n c e n t r a t i o n  ve rsus  s p e c i f i c  

g r a v i t y  C441. 

The s p e c i f i c  g r a v i t y  o f  t h e  KOH was measured by  

2 .  OXYGEN PROBE S T U D I E S  

2 . 1  General 

The e x p e r i m e n t a l  a p p a r a t u s  used f o r  oxygen p robe  

s t u d i e s  i s  g i v e n  i n  F i g u r e  3. The assembly c o n s i s t e d  o f  a 

Beckman M o d e l  0260 Oxygen A n a l y z e r  w i t h  a F i e l d l a b  #39553 

Oxygen Sensor, a Cole-Parmer D i g i s e n s e  Temperature 

C o n t r o l l e r ,  and a F i s h e r  R e c o r d a l l  S e r i e s  2000 r e c o r d e r .  A 

s m a l l  open ing  i n  t h e  septum i n s u r e d  t h a t  t h e  p r e s s u r e  i n s i d e  

and o u t s i d e  t h e  f l a s k  was i n  e q u i l i b r i u m .  The oxygen m e t e r  

was c a l i b r a t e d  a t  0.0% by p l a c i n g  t h e  p robe  i n  a vacuum 

f l a s k  wh ich  was pu rged  w i t h  N2 gas. 

measurements, t h e  p r o b e  was p l a c e d  i n  d i s t i l l e d  w a t e r  w h i c h  

had been a i r  s a t u r a t e d  by s h a k i n g  v i g o r o u s l y  and a l l o w i n g  t o  

s t a n d  f o r  two m inu tes .  A t a b l e  o f  oxygen c o n c e n t r a t i o n  a t  

v a r i o u s  tempera tu res  g i v e s  t h e  s t a n d a r d  oxygen 

F o r  aqueous 
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c o n c e n t r a t i o n .  F o r  gas phase measurements t h e  p robe  was 

c a l i b r a t e d  a t  20.9% oxygen by e x p o s i n g  t h e  p robe  t o  t h e  

a i r .  

a t m o s p h e r i c  p r e s s u r e .  

A l l  measurements were made i n  31% KOH a t  25 O C  and 

2.2 Measurement of  H e n r y ' s  Law gas c o n s t a n t  

The H e n r y ' s  Law gas c o n s t a n t  was measured a t  25 OC 

f o r  t h e  31% KOH s o l u t i o n  i n  t h e  f o l l o w i n g  way. The s o l u t i o n  

was s a t u r a t e d  w i t h  a i r  by v i g o r o u s l y  s h a k i n g  i t  and a l l o w i n g  

i t  t o  s t a n d  f o r  t w o  m inu tes ,  A t  one atmosphere t o t a l  

p r e s s u r e  t h e  p a r t i a l  p ressu re  o f  oxygen i s  .209 atmospheres 

( a t m ) .  The oxygen mete r  w a s  used t o  measure t h e  d i s s o l v e d  

oxygen, and t h e  H e n r y ' s  Law gas c o n s t a n t  ( k H )  was 

c a l c u l a t e d  u s i n g  t h e  e q u a t i n n ,  

k "  = C/Po2 ( 1  2 )  

where C i s  t h e  l i q u i d  phase cx;.gen c 2 ? c e n + * ~ t i o n  i n  moles  

p e r  l i t e r  (M), and P o 2  i s  t h e  oxygen p a r t i a l  p r e s s u r e  i n  

atmospheres.  

2.3 D e t e r m i n a t i o n  o f  oxygen l e a k a g e  r a t e  

I t was necessary  t o  measure t h e  r a t e  o f  l e a k a g e  o f  

oxygen gas i n t o  t h e  system t h r o u g h  t h e  h o l e  i n  t h e  septum. 

To a c c o m p l i s h  t h i s  50 m l .  o f  t h e  KOH s o l u t i o n  was p l a c e d  i n  

t h e  f l a s k ,  and t h e  f l a s k  was pu rged  w i t h  N2. 

m e t e r  r e a d  0% oxygen t h e  N 2  gas was t u r n e d  o f f  and t h e  p e r  
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c e n t  oxygen w a s  m o n i t o r e d  v e r s u s  t i m e  u s i n g  a s t r i p  c h a r t  

r e c o r d e r .  

2.4 D e t e r m i n a t i o n  of  t h e  a u t o d e c o m p o s i t i o n  r a t e  c o n s t a n t  

The a u t o d e c o m p o s i t i o n  r a t e  c o n s t a n t  f o r  t h e  u n s t a b l i z e d  

p e r o x i d e  was measured i n  t h e  f o l l o w i n g  way. F i f t y  ml o f  t h e  

KOH s o l u t i o n  was p l a c e d  i n  t h e  f l a s k  and t h e  f l a s k  was 

pu rged  w i t h  N2.  

u n s t a b l i z e d  hydrogen p e r o x i d e  was i n j e c t e d  i n t o  t h e  system. 

The p e r  c e n t  oxygen was m o n i t o r e d  w i t h  a s t r i p  c h a r t  

r e c o r d e r  and t h e  a u t o d e c o m p o s i t i o n  r a t e  was c a l c u l a t e d  u s i n g  

t h e s e  d a t a .  

When t h e  me te r  r e a d  0%, 10  m l .  of t h e  5% 

2 .5  D e t e r m i n a t i o n  o f  c a t a l y t i c  d e c o m p o s i t i o n  r a t e  c o n s t a n t s  

F o r  gas phase oxygen measurements 50 m i l l i g r a m s  (mg) o f  

t h e  c a t a l y s t  was p l a c e d  i n  a t h r e e - n e c k  250 m l .  r ound-bo t tom 

f l a s k ,  and 50 m l .  o f  t h e  K O H  s o l u t i o n  was added. The system 

was immersed i n  a t h e r m o s t a t e d  w a t e r  b a t h ,  t h e  s o l u t i o n  was 

s t i r r e d ,  and t h e  f l a s k  w a s  purged  w i t h  N2 gas. 

m e t e r  r e a d  0% oxygen, t h e  N2 was t u r n e d  o f f  and a known 

amount o f  the 5% p e r o x i d e  ( f r o m  one t o  t e n  m l )  was i n j e c t e d  

t h r o u g h  t h e  septum i n t o  t h e  f l a s k .  A s t r i p  c h a r t  r e c o r d e r  

was used t o  m o n i t o r  t h e  p e r  c e n t  oxygen i n  t h e  gas phase 

When t h e  
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v e r s u s  t ime .  The f i r s t  o r d e r  he terogef ieous  r a t e  c o n s t a n t  

was c a l c u l a t e d  from t h e s e  data u s i n g  e q u a t i o n s  ( 8 )  and ( 9 ) .  

3. G A S O M E T R I C  STUDIES 

3.1 Genera l  

Gasometr ic  s t u d i e s  were conduc ted  u s i n g  t h e  a p p a r a t u s  

g i v e n  i n  F i g u r e  2. The assembly c o n s i s t e d  o f  a 50 m l .  gas 

p u r e t  w h i c h  was connected  t o  a 250 m l .  3-neck r o u n d  b o t t o m  

f l a s k  w i t h  Tygon t u b i n g ,  a water  b a t h ,  and a Cole-Parmer 

D i  g i  sense Temperature C o n t r o l  1 e r .  I n  t h i  s e x p e r i m e n t  t h e  

decornposi t i o n  o f  hydrogen p e r o x i d e  genera tes  oxygen gas 

w h i c h  d i s p l a c e s  t h e  m i n e r a l  o i l  i n  t h e  gas b u r e t .  A l l  

e x p e r i m e n t s  were conduc ted  a t  35 O C  and a tmosDher i c  

p r e s s u r e .  

3.2 Measurement o f  gas l eakage  r a t e  

It was necessary  t o  de termine t h e  l e a k a g e  r a t e  o f  t h e  

sys tem i n  o r d e r  t o  o b t a i n  t h e  t r u e  oxygen volume. T h i s  was 

accomp l i shed  by c h a r g i n g  the s e a l e d  system w i t h  a i r  f r o m  t h e  

s y r i n g e  u n t i l  t h e  gas volume i n  t h e  b u r e t  r e a d  50 m l .  and 

m o n i t o r i n g  t h e  decrease over  a 30 m i n u t e  t i m e  i n t e r v a l .  
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3 . 3  D e t e r m i n a t i o n  o f  c a t a l y t i c  d e c o m p o s i t i o n  r a t e  c o n s t a n t s  

I n  the  g a s o m e t r i c  s t u d i e s  50 mg o f  t h e  c a t a l y s t  was 

p l a c e d  i n  a 250 m l ,  3-neck, round-bo t tom f l a s k  w h i c h  

c o n t a i n e d  50 m l  o f  t h e  K O H  s o l u t i o n .  The sys tem was sea led ,  

and a known amount o f  t h e  5% hydrogen p e r o x i d e  was i n j e c t e d  

t h r o u g h  t h e  septum i n t o  t h e  f l a s k .  The volume o f  t h e  oxygen 

gas i n  t h e  b u r e t  was r e a d  and r e c o r d e d  a t  30 second t i m e  

i n t e r v a l s  u n t i l  a maximum was reached.  The f i r s t  o r d e r  

he terogeneous r a t e  c o n s t a n t  was c a l c u l a t e d  from t h e s e  d a t a  

u s i n g  e q u a t i o n s  ( 7 1  and ( 8 ) .  

4. ROTATING D I S K  ELECTRODE (RDE) STUDIES 

4.1 General  

RDE s t u d i e s  [ 3 1 , 4 5 , 4 6 ]  were conduc ted  u s i n g  t h e  

e x p e r i m e n t a l  a p p a r a t u s  g i v e n  i n  F i g u r e  4. The w o r k i n g  

e l e c t r o d e  was a g o l d  d i s k  w i t h  a s u r f a c e  a r e a  o f  0.196 cm 

( P i n e  I n s t r u m e n t  Co.). The c o u n t e r  e l e c t r o d e  was a 25 cm 

l e n g t h  o f  20 gauge p l a t i n u m  w i r e .  The m e r c u r y / m e r c u r i c  

o x i d e  (Hg/HgO) r e f e r e n c e  e l e c t r o d e  1361  was f a b r i c a t e d  f r o m  

a 1 5  cm l e n g t h  o f  s o f t  g l a s s  ( 3  mm O.D.). A s m a l l  h o l e  

(.4mm) was s a n d b l a s t e d  i n  t h e  t u b e  a p p r o x i m a t e l y  2 cm f r o m  

one end, and t h e  end o f  t h e  t u b e  n e a r e s t  t h e  h o l e  was 
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sea led .  A d r o p  o f  mercu ry  (Beth lehem Appara tus  Co. Inc . ,  

H e l l e r t o w n ,  Pa.) was m ixed  w i t h  0.5 gs o f  m e r c u r i c  o x i d e  

( M a l l i n d c r o d t )  i n  a m o r t a r  and p e s t l e ,  and a l o n g  s y r i n g e  

was used t o  p l a c e  t h e  mercury and t h e  m e r c u r i c  o x i d e  m i x  i n  

t h e  tube .  A 20 cm p l a t i n u m  w i r e  was i n s e r t e d  i n t o  t h e  tube ,  

and t h e  e l e c t r o d e  was a l l o w e d  t o  s t a b l i z e  i n  31% KOH f o r  two 

days b e f o r e  use. 

C u r r e n t - p o t e n t i a l  cu rves  were o b t a i n e d  u s i n g  t h e  

e l e c t r o c h e m i c a l  c e l l ,  a AFMSR r o t a t o r  (Pine I n s t r u m e n t  Co. 1 ,  

a Model AFRDE4 P o t e n t i o s t a t  ( P i n e  I n s t r u m e n t  Co.), and a 

Model 530 X - Y  r e c o r d e r  ( E s t e r l i n e  C o . ) .  The d i s k  e l e c t r o d e  

was p r e t r e a t e d  b e f o r e  each measurement by s t e p p i n g  t h e  

p o t e n t i a l  t o  + . 2 5 0  V vs  Hg/HgO f o r  1 0  seconds and t h e n  t o  

-.300 V vs  Hg/HgO f o r  1 0  seconds t o  remove any o x i d e s  fo rmed 

d u r i n g  t h e  a n o d i c  s t e p .  A l l  measurements were made i n  31% 

K O H  a t  25  'C. 

4.2 D e t e r m i n a t i o n  o f  a u t o d e c o m p o s i t i o n  r a t e  c o n s t a n t  

The a u t o d e c o m p o s i t i o n  r a t e  c o n s t a n t  f o r  HO; was 

measured by p l a c i n g  50 m l  o f  31% KOH i n  t h e  e l e c t r o c h e m i c a l  

c e l l  and a d d i n g  5 m l  o f  t h e  5% HO;. 

r o t a t e d  a t  3000 r e v o l u t i o n s  p e r  m i n u t e  ( rpm)  and t h e  

l i m i t i n g  c u r r e n t  was measured by sweeping t h e  p o t e n t i a l  a t  

20 mV/s between -.070 V and +.250 V vs Hg/HgO a t  f i v e  m i n u t e  

t i m e  i n t e r v a l s .  

f r o m  t h i s  d a t a  u s i n g  e q u a t i o n  ( 1 0 ) .  The a u t o d e c o m p o s i t i o n  

The RDE was 

The HO; c o n c e n t r a t i o n  was c a l c u l a t e d  
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r a t e  c o n s t a n t  was c a l c u l a t e d  f r o m  t h e  s l o p e  o f  a p l o t  o f  

l n ( C / C o )  v e r s u s  t i m e  ( s e c ) .  

4.3 C a t a l y t i c  d e c o m p o s i t i o n  r a t e  c o n s t a n t s  

The c a t a l y t i c  d e c o m p o s i t i o n  r a t e  c o n s t a n t s  f o r  t h e  

c a t a l y s t  powders were d e t e r m i n e d  i n  t h e  f o l l o w i n g  way. 50 

m l  o f  t h e  31% K O H  s o l u t i o n  was added t o  t h e  e l e c t r o c h e m i c a l  

c e l l  a l o n g  w i t h  50 mg o f  t h e  c a t a l y s t  and t h e  RDE was 

r o t a t e d  a t  3000 rpm. The l i m i t i n g  c u r r e n t  was measured by  

sweep ing  t h e  p o t e n t i a l  a t  20 mV/s between - .070 V and +.250 

V v e r s u s  Hg/HgO a t  t i m e  i n t e r v a l s  between one and f i v e  

m i n u t e s ,  depending on t h e  r a t e  o f  d e c o m p o s i t i o n .  The 

HO; c o n c e n t r a t i o n  was c a l c u l a t e d  f r o m  t h i s  d a t a  u s i n g  

e q u a t i o n  ( 1 0 ) .  The pseudo-homogeneous f i r s t  o r d e r  r a t e  

c o n s t a n t  (k') was c a l c u l a t e d  f r o m  t h e  s l o p e  o f  a p l o t  o f  

l n ( C / C o )  ve rsus  t i m e  i n  seconds. The f i r s t  o r d e r  

he terogeneous r a t e  c o n s t a n t  (k,,) was c a l c u l a t e d  f r o m  k '  

u s i n g  e q u a t i o n  ( 8 ) .  

5. OPEN C I R C U I T  POTENTIAL DECAY STUDIES 

5.1 General 

Open c i r c u i t  p o t e n t i a l  decay measurements were c a r r i e d  

o u t  on Tef lon-bonded e l e c t r o d e s  w h i c h  were f a b r i c a t e d  u s i n g  
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h i g h  s u r f a c e  a r e a  e l e c t r o c a t a l y s t ,  a T e f l o n  s u p p o r t ,  and, i n  

many cases ,  ca rbon .  The sources and c o m p o s i t i o n s  o f  t h e  

e l e c t r o d e s  used i n  t h i s  s tudy  a r e  summarized i n  Tab le  1. 

C a t a l y s t  syn theses  and e l e c t r o d e  f a b r i c a t i o n  t e c h n i q u e s  a r e  

g i v e n  e l s e w h e r e  [40,47-501. The e l e c t r o d e s  were c u t  i n t o  

one cm2 d i s k s  w h i c h  were used i n  t h e  f l o a t i n g  e l e c t r o d e  

h a l f -  c e l l  a p p a r a t u s  g i v e n  i n  F i g u r e  5. The h a l f - c e l l  

c o n s i s t e d  o f  a w o r k i n g  e l e c t r o d e  p r e v i o u s l y  d e s c r i b e d  

suspended on t h e  s u r f a c e  o f  a 31% K O H  s o l u t i o n ,  a Hg/HgO 

r e f e r e n c e  e l e c t r o d e  [361, and a p l a t i n u m  f o i l  c o u n t e r  

e l e c t r o d e .  B o t h  t h e  h a l f -  c e l l  and a p r e s a t u r a t o r  were 

wrapped i n  h e a t i n g  j a c k e t s  t o  m a i n t a i n  a c o n s t a n t  

t e m p e r a t u r e  o f  25 O C .  

p r e s a t u r a t o r  w h i c h  c o n t a i n e d  31% KOH, and i n t o  t h e  h a l f  c e l l  

where i t  was e l e c t r o c a t a l y t i c a l l y  reduced  w i t h i n  t h e  p o r e s  

o f  t h e  w o r k i n g  e l e c t r o d e .  I n  a d d i t i o n  t o  t h e  p r e s a t u r a t o r  

and t h e  h a l f  c e l l ,  e l e c t r o c h e m i c a l  measurements were c a r r i e d  

o u t  u s i n g  a Model 273 G a l v a n o s t a t / P o t e n t i o s t a t  ( P r i n c e t o n  

A p p l i e d  Research Corp. ) ,  and an E s t e r l i n e  Angus Model 530 

X - Y  r e c o r d e r  ( E s t e r l i n e  Corp. ) .  E l e c t r o d e s  were p r e t r e a t e d  

by  s c a n n i n g  t o  200 m i l l i a m p s  (mA) a t  1 .0 m A  p e r  second 

(mA/s 1.  

Oxygen gas f l o w e d  t h r o u g h  t h e  

5.2 Open c i r c u i t  p o t e n t i a l  decay measurements 

I n  open c i r c u i t  p o t e n t i a l  decay measurements [31,40] a 

c a t h o d i c  c u r r e n t  was a p p l i e d  t o  t h e  w o r k i n g  e l e c t r o d e  and 
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Tab le  1:  E l e c t r o d e  sou rces  and l o a d i n g s .  

t l e c t r o d e  # 

1 

2 

3 

4 

5 

6 

Source 

E l  ec t r o -  
5 mg P t  on 5 mg Vu lcan XC-72 med ia  I n c .  

(New J e r s e y '  
Hughes A i r -  

7 mg P t ,  " unsuppor ted "  c r a f t  Co. 
Used as an anode i n  H2-02 ( E l  Segundc 
a1 k a l  i n e  f u e l  c e l l  s. C A I  

E l  ec t r o -  
.5 mg Au on a c e t y l e n e  b l a c k  Chem I n c .  
Average p a r t i c l e  s i z e  o f  (Woburn, 
a b o u t  45 angstroms.  a M A )  

20 mg o f  "unsuppor ted "  Au n a t i o n a l  
w i t h  10% added P t .  P a r t i c l e  F u e l  C e l l s  
s i z e s  range  f r o m  a b o u t  100  Corp. 
angs t roms t o  s e v e r a l  hundred ( S o u t h  
angst roms.  Some a l l o y i n g .  a Windsor,CT 

CoTMPP c a t a l y z e d  c a r b o n  med ia  I n c .  
b l a c k ,  P r o p r i e t a r y  c a t a l y s t  (New J e r s e y  

ELTECH 
La.gPb.5MnO , 1.3 mg on Systems 

Corp. 
( F a i  r p o r t  

a c e t y l e n e  b ack 

Load'  n!! ( p e r  cm,) 

I n t e r -  

E l e c t r o -  

f 
Harbo r  ,OH 

a S i n g e r  J . ,  and S r i n i v a s a n ,  V., E v a l u a t i o n  Parameters  f o r  
t h e  A l k a l i n e  F u e l  C e l l  Oxygen E l e c t r o d e ,  NASA T e c h n i c a l  
Memorandum 871 55. 
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t h e  v o l t a g e  was a l l o w e d  t o  reach a s t e a d y - s t a t e  v a l u e .  

A f t e r w a r d s ,  t h e  c u r r e n t  was i n t e r r u p t e d  and t h e  v o l t a g e  

decay o f  t h e  w o r k i n g  e l e c t r o d e  was m o n i t o r e d  v e r s u s  t i m e  

u s i n g  a r e c o r d e r .  A p p l i e d  c u r r e n t s  ranged  f r o m  .1 m A  t o  

a b o u t  2.0 mA. These d a t a  were used t o  d e t e r m i n e  c a t a l y t i c  

d e c o m p o s i t i o n  r a t e  c o n s t a n t s  u s i n g  e q u a t i o n  (11  1. 

5.3 D e t e r m i n a t i o n  o f  t o t a l  c a p a c i t a n c e s  

The t o t a l  c a p a c i t a n c e s  o f  t h e  e l e c t r o d e s  were measured 

u s i n g  c y c l i c  vo l tammet ry  ( C V ) .  The p r e s a t u r a t o r  and 

h a l f - c e l l  were purged w i t h  N 2  gas f o r  4 hou rs .  

e l e c t r o d e  p o t e n t i a l  was scanned between -0.400 v o l t s  ( V )  and 

+0.300 V vs.  Hg/HgO, and the non-Farada ic  r e g i o n  was 

o b t a i n e d  f r o m  t h e  voltammogram. T h i s  r e g i o n  u s u a l l y  l i e s  

between +0.05 V and +0.20 V v e r s u s  Hg/HgO. A voltammogram 

was o b t a i n e d  by s c a n n i n g  t h i s  r e g i o n  a t  a scan r a t e  o f  1 0  m V  

p e r  second o r  l e s s .  T h i s  da ta  can be used t o  o b t a i n  t h e  

t o t a l  c a p a c i t a n c e  i n  f a r a d s  (F) u s i n g  e q u a t i o n  ( 5 ) .  

The 

5.4 D e t e r m i n a t i o n  o f  E l e c t r o d e  Pore Volumes 

The p o r e  volume was de te rm ined  by m e a s u r i n g  t h e  w e i g h t  

l o s s  o f  t h e  used e l e c t r o d e  a f t e r  c a r e f u l  wash ing  w i t h  h o t  

d i s t i l l e d  w a t e r  and d r y i n g  i n  an oven a t  1 5 0  O C  f o r  two 
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hours .  The l o s s  o f  w e i g h t  was assumed t o  be due t o  loss o f  

K O H  s o l u t i o n  f r o m  t h e  e l e c t r o d e  p o r e s .  The p o r e  volume was 

c a l c u l a t e d  u s i n g  t h e  c o n v e r s i o n  o f  1.3 g K O H  p e r  cm3 K O H  

a t  25 OC. 

6. STEADY-STATE POLARIZATION S T U D I E S  

6.1 General 

S t e a d y - s t a t e  p o l a r i z a t i o n  (SSP) s t u d i e s  were c a r r i e d  

o u t  u s i n g  t h e  same a p p a r a t u s  d e s c r i b e d  i n  t h e  g e n e r a l  

s e c t i o n  o f  t h e  OCPD s t u d i e s  ( see  s e c t i o n  5 . 1 ) .  Exper imen ts  

were conducted  i n  31% K O H  a t  2 5  O C .  

6.2 P o l a r i z a t i o n  measurements 

P o l a r i z a t i o n  c u r v e s  were o b t a i n e d  g a l v a n o s t a t i c a l l y  by 

a p p l y i n g  a c a t h o d i c  c u r r e n t  between 1 0  and 100  mA, and 

m e a s u r i n g  t h e  s t e a d y - s t a t e  v o l t a g e .  A l l  c u r v e s  were 

c o r r e c t e d  f o r  ohmic p o l a r i z a t i o n  u s i n g  an ESC model 800 I R  

measurement d e v i c e  ( E l e c t r o s y n t h e s i s  Co. 1. A T a f e l  p l o t  was 

g e n e r a t e d  from t h i s  d a t a  u s i n g  e q u a t i o n  ( 1 2 ) .  The 

heterogeneous d e c o m p o s i t i o n  r a t e  c o n s t a n t  (k,,) was 

c a l c u l a t e d  from t h e  p o l a r i z a t i o n  d a t a  u s i n g  e q u a t i o n  ( 1 3 ) .  
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7. MEASUREMENT OF CATALYST SURFACE AREA 

7.1 B runauer -Emmet -Te l l e r  (BET) s u r f a c e  a r e a  measurements 

BET s u r f a c e  a r e a  measurements 1331 were  c a r r i e d  o u t  on 

t h e  c a t a l y s t  powders and t h e  T e f l o n - b o n d e d  e l e c t r o d e s  u s i n g  

a Model 4200 Au tomat i c  Su r face  Area A n a l y z e r  (Leeds  and 

N o r t h r u p  I n s t r u m e n t s ) .  The i n s t r u m e n t  was c a l i b r a t e d  a t  

z e r o  square  m e t e r s  ( m  1 i n  t h e  absence o f  a sample and a t  

15.23 m by i n j e c t i n g  5 m l  o f  a i r  i n t o  t h e  septum. A 

sample w e i g h i n g  between .01 g and .10  g was p l a c e d  i n  t h e  

sample h o l d e r  and i n s e r t e d  i n t o  t h e  p r e p a r a t i o n  s t a t i o n .  

The sample was h e a t e d  a t  1 5 0  O C  f o r  1 h o u r  t o  remove 

m o i s t u r e .  The sample was then p l a c e d  i n  t h e  t e s t  s t a t i o n  

and immersed i n  l i q u i d  N2. 

a u t o m a t i c a l l y  g i v e  a r e a d i n g  o f  t n e  t o t a l  s u r f a c e  a r e a  i n  

m .  

2 

2 

The i n s t r u m e n t  w i l l  

2 

7.2 Measurement o f  P t  s u r f a c e  a r e a  by hyd rogen  a d s o r p t i o n  

The s u r f a c e  a r e a  o f  t he  p l a t i n u m  e l e c t r o d e s  were 

measured u s i n g  hyd rogen  a d s o r p t i o n .  Hydrogen a d s o r p t i o n  

measurements were c a r r i e d  o u t  on t h e  Te f lon -bonded  

e l e c t r o d e s  w h i c h  were immerse.d i n  N2-purged 1 N  H2S04. 

The e l e c t r o d e  p o t e n t i a l  was scanned f r o m  +.080 V t o  +1.20 V 

33 



v e r s u s  the  dynamic hydrogen e l e c t r o d e  (DHE) [36] .  The a r e a  

u n d e r  t h e  hydrogen a d s o r p t i o n  peak was i n t e g r a t e d  and t h e  

s u r f a c e  area  was c a l c u l a t e d  u s i n g  t h e  c o n v e r s i o n  o f  210 

mic rocou lombs p e r  cm2 [37,38]. 

7.3 S u r f a c e  a r e a  measurement by  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  

The average p a r t i c l e  s i z e s  o f  t h e  g o l d  c a t a l y s t  

p a r t i c l e s  p r e s e n t  i n  e l e c t r o d e s  3 and 4 were d e t e r m i n e d  by 

SEM [601. 

assuming s p h e r i c a l  p a r t i c l e s ,  u s i n g  t h e  e q u a t i o n ,  

The s u r f a c e  a r e a  ( A c )  can  be c a l c u l a t e d ,  

2 A, (m / g )  = 30000/[ r x D  3 ( 1 4 ) .  

where r i s  t h e  p a r t i c l e  r a d i u s  i n  angs t roms,  and D i s  t h e  

d e n s i t y  o f  t h e  c a t a l y s t  i n  grams p e r  c u b i c  c e n t i m e t e r  

( g/cm3 1. 

7.4 S u r f a c e  a r e a  measurement by t o t a l  c a p a c i t a n c e  

If t h e  c a p a c i t a n c e  p e r  u n i t  s u r f a c e  a r e a  o f  t h e  

c a t a l y s t  i s  known, i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  s u r f a c e  

a r e a  o f  t h e  Te f lon -bonded  e l e c t r o d e s  based on e l e c t r o d e  

c a p a c i t a n c e  [34,51]. The p r o c e d u r e  f o r  m e a s u r i n g  e l e c t r o d e  

c a p a c i t a n c e  i s  g i v e n  i n  s e c t i o n  5.3. 
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111. RESULTS 

1.  SURFACE A R E A  MEASUREMENTS 

The sources ,  p repa ra t ion ,  and r e s u l t s  o f  t h e  s u r f a c e  

a rea  measurements of  t h e  c a t a l y s t  powders a r e  summarized i n  

Table 2. A l l  powder su r face  areas were measured by BET. 

The CoTMPP and La.5Pb.5Mn03 powders were used t o  

f a b r i c a t e  e l e c t r o d e s  numbered f i v e  and s ix  r e s p e c t i v e l y  ( s e e  

Table 1 ) .  

Table 2: Powder sources a n d  s u r f a c e  a rea  measurements. 

C o p r e c i p i t a t i o n  f o l -  
lowed by thermal de- 
composition a t  600 O C  
(Case Western Reserve 
Un ive r s i ty )  C471 

a measured by t h e  au tho r  
b measurement provided by Physical Sc iences  Inc. 
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I t  s h o u l d  be n o t e d  t h a t  t h e  p l a t i n u m  and g o l d  powders used 

i n  oxygen probe,  g a s o m e t r i c ,  and RDE s t u d i e s  a r e  n o t  t h e  

same as the  powders used i n  t h e  f a b r i c a t i o n  o f  e l e c t r o d e s  

numbered one, two, t h r e e ,  and f o u r .  

The r e s u l t s  o f  t h e  s u r f a c e  a r e a  measurements o f  t h e  

Tef lon-bonded e l e c t r o d e s ,  and t h e  t e c h n i q u e s  used t o  

d e t e r m i n e  t h e  s u r f a c e  a r e a s  a r e  g i v e n  i n  T a b l e  3.  All  

e l e c t r o d e  s u r f a c e  a r e a s  a r e  g i v e n  i n  u n i t s  o f  m 2  o f  t r u e  

s u r f a c e  a r e a  p e r  cm2 o f  g e o m e t r i c a l  s u r f a c e  a rea .  

Hydrogen a d s o r p t i o n  was used t o  d e t e r m i n e  t h e  

e l e c t r o c h e m i c a l  s u r f a c e  a r e a  o f  a p l a t i n u m  d i s k  o f  0.196 

cm2 g e o m e t r i c a l  s u r f a c e  area .  

hand w i t h  5, 0.3, and 0.05 m i c r o n  a l u m i n a .  The c y c l i c  

voltammogram o f  t h e  P t  d i s k  e l e c t r o d e  i s  g i v e n  i n  F i g u r e  6. 

The d i s k  was p o l i s h e d  by 

The t r u e  s u r f a c e  a r e a  was d e t e r m i n e d  t o  be 0.37 cm 2 , 

y i e l d i n g  a roughness  f a c t o r  o f  a b o u t  two. The t o t a l  

c a p a c i t a n c e  o f  t h e  e l e c t r o d e  as d e t e r m i n e d  by c y c l i c  

vo l tammet ry  was f o u n d  t o  be 48 m i c r o f a r a d s .  From t h e s e  

r e s u l t s ,  t h e  c a p a c i t a n c e  p e r  cm2 f o r  p l a t i n u m  was 

c a l c u l a t e d  t o  be a b o u t  128 m i c r o f a r a d s .  T h i s  v a l u e  was used 

t o  c a l c u l a t e  t h e  s u r f a c e  a r e a  o f  t h e  Hughes p l a t i n u m  

e l e c t r o d e .  The s u r f a c e  a r e a  o f  t h e  Hughes p l a t i n u m  was a l s o  

d e t e r m i n e d  by BET, hyd rogen  a d s o r p t i o n ,  and c a l c u l a t i o n s  

based on t h e  powder s u r f a c e  a r e a  and c a t a l y s t  l o a d i n g .  

A t tempts  were a l s o  made t o  measure t h e  c a p a c i t a n c e  o f  

t h e  g o l d  d i s k  e l e c t r o d e .  The c a p a c i t a n c e  o f  t h e  e l e c t r o d e  

was f o u n d  t o  be f i f t y  m i c r o f a r a d s .  However, t h e  t r u e  g o l d  
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Tab le  3: S u r f a c e  a r e a  measurements o f  Te f l on -bonded  
e l  ec t r o d e s .  

D e s c r i p t  on 
( p e r  c m L  

Techn ique ur fac5  rea SmZm- ,"eo 

5 mg P t  on 
XC72 (EMC) 

7 mg P t  'Iun- 
s u p p o r t e d "  

(Hughes 1 

. 5  mg Au on 
a c e t y l e n e  
b l a c k (  E l  e c -  
t r o c  hem ) 

20 mg Au,lO% 
P t  I'unsup- 
p o r t e d " ( 1 F C )  

CoTMPP c a t a -  
l y z e d  c a r b o n  
b l a c k  (EMC) 

La gPb.gMn03 
1.3 mg on 
a c e t y l e n e  
b l a c k  
(ELTECH) 

a c a l c u l a t e d  f r o m  e l e c t r o d e  SEM [60] and e l e c t r o d e  l o a d i n g  

b c a l c u l a t e d  from powder BET and e l e c t r o d e  l o a d i n g  

4 . 6  B E T  
. 4 3  H2 a d s o r p t i o n  
.20 c a l c u l a t e d  b 

.ll c a l c u l a t e d  b 

. 22  BET 

.10 H2 a d s o r p t i o n  

.ll c a p a c i t a n c e  

.035 c a l c u l a t e d  a 

.16 c a p a c i t a n c e  

.22  BET 

.22  c a l c u l a t e d  a 

1.9 c a l c u l a t e d  b 
.99 BET 

.02 c a l c u l a t e d  b 



s u r f a c e  a r e a  c o u l d  n o t  be de termined,  t h e r e f o r e ,  i t  was 

necessary  t o  assume a roughness f a c t o r  o f  two. T h i s  

assumpt ion  was r e a s o n a b l e  as t h e  g o l d  and p l a t i n u m  d i s k s  

were p o l i s h e d  i n  a s i m i l a r  f a s h i o n .  U s i n g  a v a l u e  o f  0.40 

cm2 as t h e  t r u e  s u r f a c e  area,  t h e  c a p a c i t a n c e  p e r  cm2 of  

g o l d  i s  a b o u t  125 m i c r o f a r a d s .  T h i s  v a l u e  was used t o  

c a l c u l a t e  t h e  s u r f a c e  a r e a  o f  t h e  IFC ( f o r m e r l y  UTC)  g o l d  

e l e c t r o d e .  The s u r f a c e  a rea  o f  t h e  IFC g o l d  e l e c t r o d e  was 

a l s o  d e t e r m i n e d  by BET, and c a l c u l a t i o n s  based on c a t a l y s t  

l o a d i n g  and e l e c t r o d e  SEM measurements [60]. 

2. O X Y G E N  P R O B E  S T U D I E S  

The H e n r y ' s  Law gas c o n s t a n t  was d e t e r m i n e d  t o  be 

~ s x ~ O - ~  M/atm f o r  O 2  i n  t h e  31% KOH s o l u t i o n  a t  25  

'6, 

t h e  31% K O H  s o l u t i o n  was n o t  r e q u i r e d  f o r  t h e  g a s o m e t r i c  and 

oxygen p r o b e  exper imen ts .  A lso,  as a r e s u l t  o f  t h e  l o w  

l i q u i d - p h a s e  oxygen s o l u b i l i t y ,  a l l  oxygen p robe  

measurements were c a r r i e d  o u t  i n  t h e  gas phase. 

S i n c e  t h e  oxygen s o l u b i l i t y  was l o w ,  p r e s a t u r a t i o n  o f  

The a u t o d e c o m p o s i t i o n  r a t e  as d e t e r m i n e d  by oxygen 

p r o b e  measurements was s e v e r a l  o r d e r s  o f  magn i tude  s m a l l e r  

t h a n  t h e  c a t a l y t i c  decompos i t i on  r a t e s  f o r  g a s o m e t r i c ,  

oxygen probe,  and RDE exper imen ts .  F o r  t h e  oxygen p robe  

s t u d i e s ,  t h e  r a t e  o f  d i f f u s i o n  o f  oxygen i n t o  t h e  system 

t h r o u g h  t h e  h o l e  i n  t h e  septum was a b o u t  t w o  o r d e r s  o f  
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magn i tude  s m a l l e r  t h a n  t h e  r a t e  o f  oxygen p r o d u c t i o n  v i a  

HO; decompos i t i on .  

measurements f o r  t h e  p l a t i n u m  powder u s i n g  t h e  oxygen p robe  

a p p a r a t u s  a r e  g i v e n  i n  F i g u r e s  7 A  and 7B. 

R e s u l t s  o f  HO; d e c o m p o s i t i o n  

Oxygen probe e x p e r i m e n t s  were conduc ted  w i t h  p l a t i n u m  

a t  d i f f e r e n t  s t i r r i n g  r a t e s  t o  d e t e r m i n e  if mass t r a n s p o r t  

was the  r a t e  l i m i t i n g  p rocess .  The r e s u l t s  o f  t h e s e  

exper imen ts  a r e  g i v e n  i n  F i g u r e  8. A t  s t i r  r a t e s  above 

f o u r ,  t h e  i n i t i a l  r a t e  o f  oxygen p r o d u c t i o n  was c o n s t a n t ,  

t h e r e f o r e ,  i f  t h e  s o l u t i o n  i s  w e l l  s t i r r e d ,  mass t r a n s p o r t  

s h o u l d  n o t  be a problem. 

p l  a t i num 
C ( J .  Bishop)  
A 
T go1 d 
A ( P S I  1 
L CoTMPP c a t a -  
Y l y z e d  ca rbon  
S b l a c k  ( E M C )  
T 

La. Pb.gMn03 7 CWRU 1 

The r e s u l t s  o f  t h e  oxygen p robe  s t u d i e s  u s i n g  t h e  f o u r  

c a t a l y s t  powders a r e  summarized i n  Tab le  4. A l l  r a t e  

g a s o m e t r i c  oxygen p robe  R D t  

8 . 8 ~ 1 0 - 5  9.1 x l 0 - 5  9 . 8 ~ 1 0 - 5  

7 . 6 ~ 1 0 - 6  8 . 0 ~ 1 0 - 6  9 . 2 ~ 1 0 - 6  

1 . 3 ~ 1 0 - 6  1 . 3 ~ 1 0 - 6  2.2x lO-6 

2 . 0 ~ 1 0 - 5  I .  gX1 0 -5  1 . 6 ~ 1 0 - 5  

Tab le  4: F i r s t  o r d e r  r a t e  c o n s t a n t s  (cm/s)  f o r  t h e  f o u r  
c a t a l y s t  powders as d e t e r m i n e d  by g a s o m e t r i c ,  
oxygen probe,  and RDE e x p e r i m e n t s  i n  31% KOH 
a t  25 O C .  
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c o n s t a n t s  have been n o r m a l i z e d  t o  u n i t  c a t a l y s t  s u r f a c e  

area,  and a r e  g i v e n  i n  u n i t s  o f  c e n t i m e t e r s  p e r  second 

(cm/s) .  A l l  e x p e r i m e n t s  were conduc ted  i n  31% KOH a t  25 

O C .  

3. G A S O M E T R I C  STUDIES 

I n  t h e  case o f  t h e  g a s o m e t r i c  s t u d i e s ,  t h e  l e a k a g e  r a t e  

o f  oxygen gas o u t  o f  t h e  system was c a l c u l a t e d  t o  be a b o u t  

0.50 ml /min  and t h e r e f o r e  oxygen volumes had t o  be c o r r e c t e d  

f o r  t h e  l e a k .  F i g u r e s  9A and 9B a r e  g i v e n  as an example o f  

t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  g a s o m e t r i c  assembly.  

The gasomet r i c  assembly was used t o  i n v e s t i g a t e  t h e  

e f f e c t  o f  c a t a l y s t  w e t t i n g  on t h e  he te rogeneous  r a t e  

c o n s t a n t  ( k h ) .  A d d i t i o n  o f  one d r o p  o f  T r i t o n  X-100 ( a  

s u r f a c t a n t )  t o  t h e  c a t a l y s t  suspens ion  d i d  n o t  a l t e r  k h  

f o r  t h e  p l a t i n u m ,  go1 d, and La. 5Pb. 5Mn03 c a t a l y s t s .  

However, a d d i t i o n  o f  a d r o p  o f  T r i t o n  X-100 t o  t h e  CoTMPP 

suspens ion  i n c r e a s e d  k h  by a f a c t o r  o f  t h r e e .  

i n c r e a s e  i s  assumed t o  be t h e  r e s u l t  o f  i n c r e a s e d  

w e t t a b i l  i ty  o f  t h e  CoTMPP c a t a l y s t .  

T h i s  

The r e s u l t s  o f  t h e  g a s o m e t r i c  s t u d i e s  u s i n g  t h e  f o u r  

c a t a l y s t  powders a r e  summarized i n  T a b l e  4. A l l  r a t e  

c o n s t a n t s  a re  n o r m a l i z e d  t o  u n i t  c a t a l y s t  s u r f a c e  a r e a  and 

a r e  g i v e n  i n  u n i t s  o f  cm/s. 
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4. R O T A T I N G  D I S K  ELECTRODE S T U D I E S  

F o r  t h e  RDE s t u d i e s ,  t h e  s u r f a c e  a r e a s  o f  t h e  c a t a l y s t  

powders were a b o u t  t h r e e  o r d e r s  o f  magn i tude  l a r g e r  t h a n  t h e  

s u r f a c e  a reas  o f  t h e  g o l d  d i s k  and p l a t i n u m  c o u n t e r  

e l e c t r o d e s .  

due t o  t h e  p l a t i n u m  c o u n t e r  e l e c t r o d e  and t h e  g o l d  w o r k i n g  

e l e c t r o d e  was n e g l i g i b l e  i n  compar ison  t o  t h e  d e c o m p o s i t i o n  

r a t e  due t o  t h e  added c a t a l y s t  powder. The t e r m  

0.6tOnFAv - 1 / 6 D 2 / 3  was c a l c u l a t e d  f r o m  t h e  s l o p e  o f  a 

p l o t  o f  t h e  l i m i t i n g  c u r r e n t  v e r s u s  CH202xw 'I2 a t  

r o t a t i o n  speeds between 1000 and 5000 rpm. T h i s  p l o t  i s  

Shown i n  F i g u r e  10. The va lue  o f  t h e  c o n s t a n t  was 

d e t e r m i n e d  t o  be (1.61 ) x ~ O ' ~  A / M ( r p m )  'I2 f o r  31% KOH a t  

25  'C. 

powder u s i n g  t h e  RDE appara tus  a r e  g i v e n  i n  F i g u r e s  11A and 

l l B .  

T h e r e f o r e ,  t h e  r a t e  o f  HO; d e c o m p o s i t i o n  

R e s u l t s  o f  decompos i t i on  s t u d i e s  f o r  t h e  p l a t i n u m  

The r e s u l t s  o f  t h e  RDE s t u d i e s  u s i n g  t h e  f o u r  c a t a l y s t  

powders a r e  summarized i n  Tab le  4. The r a t e  c o n s t a n t s  a r e  

g i v e n  i n  u n i t s  o f  cm/s. A l l  e x p e r i m e n t s  were conducted  i n  

31% KOH a t  25 O C .  
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5. OPEN C I R C U I T  POTENTIAL DECAY S T U D I E S  

Open c i r c u i t  p o t e n t i a l  decay s t u d i e s  have shown t h a t  

HO; d e c o m p o s i t i o n  a f t e r  c u r r e n t  i n t e r r u p t i o n  i s  pseudo- 

second o r d e r  for  a l l  e l e c t r o d e s  s t u d i e d  w i t h  t h e  e x c e p t i o n  

o f  Laa5Pb 5Mn03. 

1/C, v e r s u s  t i m e  i n  o r d e r  t o  o b t a i n  kh. 

s t u d i e s  o f  t h e  EMC p l a t i n u m  e l e c t r o d e  a r e  g i v e n  i n  F i g u r e s  

12A and 128. 

d e c o m p o s i t i o n  was f i r s t  o r d e r  and a p l o t  o f  l n ( C / C o )  

v e r s u s  t i m e  was used t o  o b t a i n  kh.  

g i v e n  i n  F i g u r e s  13A and 136.  A t  p o l a r i z i n g  c u r r e n t s  above 

two m i l l i a m p s ,  r e l i a b l e  da ta  c o u l d  n o t  be o b t a i n e d ,  

Thus i t  was necessary  t o  p l o t  l / C  - 
R e s u l t s  o f  OCPD 

F o r  t h e  La 5Pb 5Mn03 e l e c t r o d e ,  t h e  . 

These r e s u l t s  a r e  

t h e r e f o r e  a l l  p o t e n t i a l  decay c u r v e s  were o b t a i n e d  u s i n g  

p o l a r i z i n g  c u r r e n t s  o f  l e s s  t h a n  two m i l l i a m p s .  The r e s u l t s  

o f  t h e  OCPD measurements o f  t h e  s i x  e l e c t r o d e s  a r e  

summarized i n  Tab le  5. A l l  r a t e  c o n s t a n t s  have been 

n o r m a l i z e d  t o  u n i t  c a t a l y s t  s u r f a c e  a r e a  and a r e  g i v e n  i n  

u n i t s  o f  cm/s. A l l  expe r imen ts  were conduc ted  i n  31% KOH a t  

25 O C .  

6. STEADY-STATE POLARIZATION S T U D I E S  

S t e a d y - s t a t e  p o l a r i z a t i o n s  were o b t a i n e d  i n  t h e  r e g i o n  

between 1 0  and 100 m A  c a t h o d i c .  The d a t a  was c o r r e c t e d  f o r  

ohmic p o l a r i z a t i o n ,  and Ta fe l  p l o t s  were c o n s t r u c t e d  f r o m  
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Tab le  5: F i r s t  o r d e r  r a t e  c o n s t a n t s  (cm/s)  and T a f e l  s l o p e s  
(mV/decade) f o r  t h e  s i x  e l e c t r o d e s  as d e t e r m t n e d  by 
open c i r c u i t  p o t e n t i a l  decay and s t e a d y - s t a t e  
p o l a r i z a t i o n  measurements i n  31% KOH a t  25 O C .  

E l  ec t r o d e  
# 

Desc r i  p t i  on 

1 

2 

3 

4 

5 

6 

5 mg P t  on 
XC72 ( E M C )  

II 7 mg P t  un -  
s u p p o r t e d "  

(Hughes)  

.5 mg Au on 
a c e t y l e n e  
b l a c k  ( E l e c -  
t r o c h e m )  

20 mg Au,lO% 
P t  'Iunsup- 
p o r t e d ( I F C 1  

CoTMPP c a t -  
a l y z e d  c a r -  
bon b l a c k  
(EMC 1 

La 5Pb,gMn03 
1.3 mg on 
a c e t y l e n e  
b l a c k  
(ELTECH) 

OCPD I SSP T a f e l  
S t u d i e s  S t u d i e s  S1 ope 

9 . 7 ~ 1 0 - 5  I .  3x1 0-5 

a n o t  a t r u e  T a f e l  s l o p e  
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t h i s  d a t a  u s i n g  e q u a t i o n  ( 1 2 ) .  A T a f e l  p l o t  f o r  t h e  EMC 

p l a t i n u m  e l e c t r o d e  i s  g i v e n  i n  F i g u r e  14. Data f r o m  t h e  

T a f e l - l i n e a r  r e g i o n  was used t o  c a l c u l a t e  k h  u s i n g  

e q u a t i o n  ( 1 3 ) .  R e s u l t s  o f  s t e a d y - s t a t e  p o l a r i z a t i o n  

measurements o f  t h e  EMC p l a t i n u m  e l e c t r o d e  a r e  g i v e n  i n  

F i g u r e s  15A and 15B. T a f e l  s l o p e s  and d e c o m p o s i t i o n  r a t e  

c o n s t a n t s  f o r  t h e  s i x  e l e c t r o d e s  de te rm ined  by SSP a r e  

summarized i n  Tab le  5. 

I V .  D I S C U S S I O N  

I t i s  c o n v e n i e n t  t o  express  t h e  he terogeneous r a t e  

c o n s t a n t s  i n  a f o r m  n o r m a l i z e d  t o  c a t a l y s t  s i i r f a c e  area .  I t  

i s  t h e r e f o r e  i m p o r t a n t  t o  be a b l e  t o  d e t e r m i n e  t h e  t r u e  

a c t i v e  s u r f a c e  a r e a  o f  t h e  c a t a l y s t s .  T h i s  i s  n o t  a 

d i f f i c u l t  t a s k  when u s i n g  c a t a l y s t  powders, however,  t h e  

p resence  o f  c a r b o n  i n  many o f  t h e  Te f lon -bonded  e l e c t r o d e s  

i n t e r f e r e s  w i t h  t h e  a c c u r a t e  d e t e r m i n a t i o n  o f  t r u e  c a t a l y t i c  

s u r f a c e  areas .  

One way t o  de te rm ine  c a t a l y s t  s u r f a c e  a r e a  i s  by l o w  

t e m p e r a t u r e  N 2  gas a d s o r p t i o n  ( B E T )  1331. 

t h e  most  f r e q u e n t l y  used t e c h n i q u e s  and u s u a l l y  y i e l d s  

r e l i a b l e  r e s u l t s ,  p r o v i d e d  t h a t  t h e  sample s i z e  i s  l a r g e  

enough t o  i n s u r e  t h a t  t he  measured s u r f a c e  a r e a  i s  g r e a t e r  

t h a n  0.20 m . It has been argued t h a t  t h e  a r e a  d e t e r m i n e d  

BET i s  one o f  

2 
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by B E T  may be h i g h e r  t h a n  t h e  s u r f a c e  a r e a  a s s o c i a t e d  w i t h  

e l e c t r o c h e m i c a l  p rocesses ,  as t h e  i n s i d e  s u r f a c e s  o f  many 

p o r e s  a r e  n o t  e f f e c t i v e  i n ,  o r  c o n t r i b u t e  b u t  s l i g h t l y  t o ,  

t h e  t r a n s f e r  o f  c h a r g e  i n  an e l e c t r o c h e m i c a l  p r o c e s s  [34]. 

A lso ,  b l o c k i n g  o f  t h e  p o r e s  o f  t r a n s i t i o n  m e t a l  o x i d e s  by 

adso rbed  H20 and OH s p e c i e s  w i l l  p r e v e n t  N2 a d s o r p t i o n  

and can l e a d  t o  e r r o n e o u s  r e s u l t s .  Removal o f  t h e s e  

s p e c i e s ,  even under  vacuum c o n d i t i o n s ,  r e q u i r e s  t e m p e r a t u r e s  

h i g h  enough t o  cause s i n t e r i n g  C501. I n  a d d i t i o n ,  B E T  

measures o n l y  t o t a l  s u r f a c e  a rea ,  and, when h i g h  s u r f a c e  

a r e a  c a r b o n s  (50-1400 m /g )  a r e  added t o  t h e  e l e c t r o d e s ,  

B E T  measurements o f  c a t a l y s t  s u r f a c e  a r e a  become e r r o n e o u s l y  

l a r g e .  F o r  example, B E T  measurements o f  t h e  EMC p l a t i n u m  on 

X C - 7 2  c a r b o n  e l e c t r o d e  y i e l d e d  a s u r f a c e  a r e a  w h i c h  was an 

2 

o r d e r  o f  magn i tude  g r e a t e r  t h a n  t h e  p l a t i n u m  s u r f a c e  a r e a  as  

d e t e r m i n e d  by H2 a d s o r p t i o n .  However, i n  t h e  case o f  t h e  

h e a t  t r e a t e d  m a c r o c y c l e s  1Ske CoTMPP,  i t  i s  p r o b a b l e  t h a t  

b o t h  oxygen r e d u c t i o n  and hyd rogen  p e r o x i d e  d e c o m p o s i t i o n  

t a k e  p l a c e  on t h e  same m o d i f i e d  c a r b o n  s u r f a c e  [31], 

t h e r e f o r e  t h e  a c t i v e  s u r f a c e  a r e a  i s  t h e  t o t a l  a r e a  o f  t h e  

powder o r  e l e c t r o d e ,  ca rbon  i n c l u d e d .  

Hydrogen a d s o r p t i o n  i s  a f a i r l y  r e l i a b l e  a l t e r n a t i v e  t o  

B E T  f o r  m e a s u r i n g  s u r f a c e  a r e a s  o f  t h e  p l a t i n u m  e l e c t r o d e s  

[37,38] .  However, i t  i s  d i f f i c u l t  t o  s e p a r a t e  t h e  c h a r g e  

a s s o c i a t e d  w i t h  t h e  a d s o r p t i o n  o f  hyd rogen  atoms f r o m  t h e  

c h a r g e  a s s o c i a t e d  w i t h  t h e  s i m u l t a n e o u s  f a r a d a i c  r e a c t i o n ,  

t h e  e v o l u t i o n  o f  hydrogen [ 5 2 ] .  Also ,  i t  s h o u l d  be n o t e d  

61 



t h a t  i n  c o n v e r t i n g  cha rge  t o  s u r f a c e  area ,  t h e  most  common 

f a c t o r s ,  210 and 240 m i c r o f a r a d s  p e r  cm , r e p r e s e n t  a 

d i f f e r e n c e  o f  13% [37]. I n  a d d i t i o n ,  f o r  e l e c t r o d e s  w h i c h  

c o n t a i n  carbon,  i t  has been r e p o r t e d  C353 t h a t  hydrogen 

s p i l l o v e r  o n t o  t h e  c a r b o n  s u p p o r t  i s  a p rob lem,  and l e a d s  t o  

e r r o n e o u s l y  l a r g e  s u r f a c e  areas .  Hydrogen s p i l l o v e r  may be 

o c c u r r i n g  t o  some e x t e n t  on t h e  EMC p l a t i n u m  e l e c t r o d e  as  

t h e  s u r f a c e  a r e a  measured by  hyd rogen  a d s o r p t i o n  was a b o u t  

two t i m e s  h i g h e r  t h a n  t h e  c a l c u l a t e d  s u r f a c e  area .  

2 

Capac i tance  measurements have been used t o  d e t e r m i n e  

a c t i v e  s u r f a c e  a r e a s  o f  many m e t a l s  [34,35] and some m e t a l  

o x i d e s  C S l ] .  However, b e f o r e  c a l c u l a t i o n s  can  be c a r r i e d  

o u t ,  t h e  v a l u e  o f  t h e  c a p a c i t a n c e  p e r  u n i t  s u r f a c e  a r e a  o f  

t h e  c a t a l y s t  must  be known. The c a p a c i t a n c e  p e r  u n i t  

s u r f a c e  area  f o r  t h e  p l a t i n u m  d i s k  i n  t h i s  work was 

d e t e r m i n e d  t o  be 1 2 8  m i c r o f a r a d s  p e r  cm . T h i s  v a l u e  i s  

c l o s e  t o  a r e p o r t e d  v a l u e  o f  115  m i c r o f a r a d s  p e r  cm 

[ 6 5 ] .  

work was found t o  be 125 m i c r o f a r a d s .  T h i s  v a l u e  i s  h i g h e r  

t h a n  a r e p o r t e d  v a l u e  o f  96 m i c r o f a r a d s  p e r  cm2 C531. 

i s  p r o b a b l e  t h a t  t h e  roughness  f a c t o r  f o r  t h e  g o l d  d i s k  was 

g r e a t e r  t h a n  two, l e a d i n g  t o  a h i g h  v a l u e  f o r  t h e  

c a p a c i t a n c e  p e r  cm . It s h o u l d  be n o t e d  t h a t  t h e  

c a p a c i t a n c e  may depend on s u r f a c e  roughness ,  and t h e  use  o f  

a c a p a c i t a n c e  o f  a smooth e l e c t r o d e  f o r  s u r f a c e  a r e a  

measurements o f  Te f l on -bonded  e l e c t r o d e s  may l e a d  t o  

anomalous r e s u l t s  as t h e  c a p a c i t a n c e  i n  n a r r o w  p o r e s  i s  h i g h  

2 

2 

The c a p a c i t a n c e  p e r  cm2 f o r  t h e  g o l d  d i s k  i n  t h i s  

It 

2 
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i n  compar i son  t o  t h e  c a p a c i t a n c e  o f  a smooth s u r f a c e  [34J. 

Also ,  c a r e  m u s t  be t a k e n  t o  i n s u r e  t h a t  no backg round  

f a r a d a i c  p r o c e s s e s  i n t e r f e r e  w i t h  t h e  d e t e r m i n a t i o n  o f  

e l e c t r o d e  c a p a c i t a n c e s .  I n  a d d i t i o n ,  i t  has been f o u n d  t h a t  

t h e  r e s u l t s  o b t a i n e d  depend on t h e  f r e q u e n c y  o f  t h e  a p p l i e d  

s i  g n a l  [54,551. 

I t  i s  a l s o  p o s s i b l e  t o  d e t e r m i n e  e l e c t r o d e  s u r f a c e  

a r e a s  f r o m  c a l c u l a t i o n s  based on  c a t a l y s t  s u r f a c e  a r e a  and 

e l e c t r o d e  l o a d i n g .  These c a l c u l a t i o n s  a r e  based on  t h e  

a s s u m p t i o n  t h a t  t h e  c a t a l y s t  s u r f a c e  i s  1 0 0  p e r  c e n t  

u t i l i z e d .  Su r face  a r e a  measurements f o r  t h e  Hughes p l a t i n u m  

e l e c t r o d e ,  based on c a l c u l a t i o n s ,  hydrogen a d s o r p t i o n ,  and 

c a p a c i t a n c e  measurements, d i f f e r e d  by l e s s  t h a n  10% (see  

T a b l e  3 ) .  B E T  s u r f a c e  a r e a  measurements o f  t h e  IFC g o l d  

e l e c t r o d e  were w i t h i n  2% o f  t h e  v a l u e  c a l c u l a t e d  f r o m  

e l e c t r o d e  l o a d i n g  and c a t a l y s t  powder s u r f a c e  a rea .  F o r  t h e  

CoTMPP e l e c t r o d e ,  t h e  BET su r face  a r e a  was o n l y  50% o f  t h e  

c a l c u l a t e d  v a l u e .  T h e r e f o r e ,  i t  appears  t h a t  c a t a l y s t  

a v a i l a b i l i t y  i s  dependent  on f a b r i c a t i o n  p a r a m e t e r s  such as 

c a t a l y s t  l o a d i n g ,  f i r i n g  t imes ,  and f i r i n g  t e m p e r a t u r e s .  

However, when p r o p e r l y  f a b r i c a t e d ,  e l e c t r o d e s  c a n  have 

c a t a l y s t  s u r f a c e  a v a i l a b i l i t i e s  w h i c h  approach  100%. The 

powder s u r f a c e  a r e a s  used i n  t h e  c a l c u l a t i o n s  a r e  d e t e r m i n e d  

by  B E T  o r  SEM. When u s i n g  SEM,  one must  assume t h a t  t h e  

p a r t i c l e s  a r e  s p h e r i c a l  i n  o r d e r  t o  c a l c u l a t e  a s u r f a c e  

a r e a .  A l so ,  SEM measurements i g n o r e  t h e  p o r o u s  s t r u c t u r e  o f  

t h e  c a t a l y s t  p a r t i c l e s .  As a r e s u l t ,  SEM w i l l  o n l y  g i v e  a 

63 



rough  e s t i m a t e  o f  t h e  t r u e  c a t a l y s t  s u r f a c e  area .  

The r a t e  c o n s t a n t s  d e t e r m i n e d  by oxygen p r o b e  and 

gasomet r i c  s t u d i e s  d i f f e r e d  by o n l y  5% f o r  a l l  o f  t h e  

c a t a l y s t  powders s t u d i e d  (see Tab le  4) .  The RDE s t u d i e s  

y i e l d e d  r a t e  c o n s t a n t s  wh ich  were i n  agreement  w i t h  t h e  r a t e  

c o n s t a n t s  d e t e r m i n e d  by oxygen p r o b e  and g a s o m e t r i c  s t u d i e s ,  

w i t h  t h e  e x c e p t i o n  o f  t h e  CoTMPP powder. F o r  t h e  CoTMPP 

powder, t he  r a t e  c o n s t a n t  d e t e r m i n e d  by RDE s t u d i e s  was 70% 

h i g h e r  than t h e  r a t e  c o n s t a n t  d e t e r m i n e d  by oxygen p robe  

s t u d i e s .  T h i s  v a l u e  i s  h i g h e r  t h a n  expec ted ,  and may be 

a t t r i b u t e d  t o  an i n c r e a s e  i n  t h e  w e t t i n g  o f  t h e  CoTMPP 

powder f o r  t h e  RDE exper imen t .  O f  t h e  t h r e e  methods, RDE 

s t u d i e s  a r e  p r o b a b l y  t h e  most  r e l i a b l e .  RDE e x p e r i m e n t s  

m o n i t o r  t h e  c o n c e n t r a t i o n  o f  HO; d i r e c t l y  and a r e  

s e n s i t i v e  t o  s m a l l  changes i n  t h e  HO; c o n c e n t r a t i o n .  

B o t h  t h e  oxygen p robe  and g a s o m e t r i c  s t u d i e s  m o n i t o r  t h e  

r a t e  o f  p r o d u c t i o n  o f  oxygen gas w h i c h  i s  fo rmed as a 

r e a c t i o n  p r o d u c t .  These measurements a r e  c o m p l i c a t e d  by 

oxygen leakage i n t o  t h e  system f o r  oxygen p robe  s t u d i e s ,  and 

oxygen leakage o u t  o f  t h e  system f o r  g a s o m e t r i c  s t u d i e s .  

A lso,  b o t h  methods a r e  i n s e n s i t i v e  t o  s m a l l  changes i n  

HO; c o n c e n t r a t i o n .  

oxygen probe and g a s o m e t r i c  s t u d i e s  s t i l l  y i e l d  r e s u l t s  

wh ich  a r e  comparable t o  t h o s e  o b t a i n e d  by  RDE s t u d i e s .  O f  

t h e  t h r e e  methods, t h e  oxygen p robe  s t u d i e s  a r e  by f a r  t h e  

most  e a s i l y  conducted.  The g a s o m e t r i c  s t u d i e s  r e q u i r e  a 

c a r e f u l l y  sea led  system, and t h e  gas b u r e t  s h o u l d  i d e a l l y  be 

However, d e s p i t e  t h e s e  drawbacks, 
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encased i n  a w a t e r  j a c k e t  t o  i n s u r e  t h e r m a l  e q u i l i b r i u m  

between t h e  s o l u t i o n  and t h e  oxygen gas. These a r e  n o t  

r e q u i r e m e n t s  f o r  t h e  oxygen probe s t u d i e s .  A lso,  t h e  

g a s o m e t r i c  s t u d i e s  r e q u i r e  c o n s t a n t  m o n i t o r i n g  o f  t h e  oxygen 

volume by t h e  o p e r a t o r  d u r i n g  t h e  e n t i r e  c o u r s e  o f  t h e  

r e a c t i o n .  The use o f  a r e c o r d e r  i n  t h e  oxygen p robe  s t u d i e s  

f r e e s  the o p e r a t o r  f rom t h i s  t a s k .  RDE s t u d i e s  r e q u i r e  

c o n s t a n t  i n t e r a c t i o n  between t h e  o p e r a t o r  and t h e  i n s t r u m e n t  

t o  i n s u r e  t h a t  t h e  p o t e n t i a l  scan i s  p r o p e r l y  t imed.  

Open c i r c u i t  p o t e n t i a l  decay s t u d i e s  o f  t h e  EMC 

p l a t i n u m  e l e c t r o d e  y i e l d e d  a r a t e  c o n s t a n t  wh ich  d i f f e r e d  by 

o n l y  10% from t h e  r a t e  c o n s t a n t s  d e t e r m i n e d  by R D E ,  oxygen 

probe,  and g a s o m e t r i c  s t u d i e s  ( see  Tab le  5 ) .  However, OCPD 

s t u d i e s  o f  t h e  Hughes p l a t i n u m  e l e c t r o d e  y i e l d e d  a r a t e  

c o n s t a n t  wh ich  was abou t  s i x t e e n  t i m e s  g r e a t e r  t h a n  t h e  r a t e  

c o n s t a n t s  d e t e r m i n e d  by RDE, oxygen probe,  and g a s o m e t r i c  

s t u d i e s .  T h i s  d i s c r e p a n c y  may be due t o  t h e  f a c t  t h a t  t h e  

EMC p l a t i n u m  e l e c t r o d e  c o n t a i n s  c a r b o n  whereas t h e  Hughes 

p l a t i n u m  e l e c t r o d e  does n o t .  The p resence  o f  c a r b o n  i s  

i m p o r t a n t  as i t  i n s u r e s  t h e  r e v e r s i b i l i t y  o f  t h e  two 

e l e c t r o n  r e d u c t i o n  o f  oxygen C311. S ince  t h e  d e r i v a t i o n  o f  

e q u a t i o n  ( 1 1 )  i s  based on t h e  assumpt ion  t h a t  t h e  r e a c t i o n  

i s  r e v e r s i b l e  ( see  Appendix) ,  i t  may n o t  be a p p l i c a b l e  t o  

e l e c t r o d e s  w i t h o u t  carbon s u p p o r t .  

A s i m i l a r  t r e n d  h o l d s  f o r  t h e  g o l d  e l e c t r o d e s .  The 

E lec t rochem g o l d  e l e c t r o d e  c o n t a i n s  carbon,  and t h e  r a t e  

c o n s t a n t  measured by OCPD s t u d i e s  was a b o u t  one f o u r t h  o f  
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t h e  r a t e  c o n s t a n t s  d e t e r m i n e d  by RDE, oxygen probe,  and 

g a s o m e t r i c  s t u d i e s .  The I F C  g o l d  e l e c t r o d e  does n o t  c o n t a i n  

ca rbon ,  and t h e  r a t e  c o n s t a n t  measured by OCPD s t u d i e s  was 

a b o u t  t e n  t i m e s  h i g h e r  t h a n  t h e  r a t e  c o n s t a n t s  measured by 

RDE, oxygen probe,  and g a s o m e t r i c  s t u d i e s .  

OCPD s t u d i e s  o f  t h e  CoTMPP e l e c t r o d e  y i e l d e d  a r a t e  

c o n s t a n t  t h a t  was a b o u t  25% l e s s  t h a n  t h e  r a t e  c o n s t a n t s  

measured by RDE, oxygen probe,  and g a s o m e t r i c  s t u d i e s .  T h i s  

d i f f e r e n c e  may be due t o  i n c o m p l e t e  w e t t i n g  o f  t h e  e l e c t r o d e  

p o r e s  by t h e  KOH. I f  t h e  e n t i r e  s u r f a c e  o f  t h e  e l e c t r o d e  i s  

n o t  w e t t e d ,  t h e  non-we t ted  p o r t i o n  o f  t h e  c a t a l y s t  w i l l  be 

r e n d e r e d  i n a c t i v e ,  r e s u l t i n g  i n  a r a t e  c o n s t a n t  w h i c h  i s  

s m a l l e r  t h a n  i s  expec ted .  

OCPD s t u d i e s  o f  t h e  Lae5Pb 5Mn03 e l e c t r o d e  

y i e l d e d  a r a t e  c o n s t a n t  w h i c h  was a b o u t  50% l e s s  t h a n  t h e  

r a t e  c o n s t a n t s  measured by RDE, oxygen probe,  and g a s o m e t r i c  

s t u d i e s .  Once a g a i n  t h e  d i f f e r e n c e  may be due t o  i n c o m p l e t e  

w e t t i n g .  A l s o ,  f o r  t h e  Laa5Pb  5Mn03 e l e c t r o d e ,  i t  has 

been assumed t h a t  a l l  o f  t h e  c a t a l y s t  powder i n  t h e  

e l e c t r o d e  i s  a c c e s s i b l e .  T h i s  i s  p r o b a b l y  n o t  t r u e ,  and 

w i l l  l e a d  t o  a r a t e  c o n s t a n t  w h i c h  i s  s m a l l e r  t h a n  i s  

expec ted .  

Open c i r c u i t  p o t e n t i a l  decay s t u d i e s  a r e  a r e l i a b l e  

a l t e r n a t i v e  t o  RDE, g a s o m e t r i c ,  and oxygen p r o b e  s t u d i e s  f o r  

m e a s u r i n g  HO; d e c o m p o s i t i o n  r a t e  c o n s t a n t s  p r o v i d e d  t h e  

e l e c t r o d e  c o n t a i n s  c a r b o n  and t h e  t r u e  a c t i v e  s u r f a c e  a r e a  

o f  t h e  e l e c t r o d e  i s  known. A lso ,  t h e  e x p e r i m e n t a l  a p p a r a t u s  
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used f o r  OCPD s t u d i e s  can  be used f o r  p o l a r i z a t i o n  and 

c o r r o s i o n  measurements. These measurements a r e  u s e f u l  f o r  

e v a l u a t i n g  c a t a l y s t s  f o r  use  i n  f u e l  c e l l  ca thodes .  I n  

a d d i t i o n ,  e x p e r i m e n t a l  c o n d i t i o n s  e n c o u n t e r e d  i n  t h e  

f l o a t i n g  h a l f - c e l l  app roach  t h e  o p e r a t i n g  c o n d i t i o n s  i n  t h e  

a c t u a l  f u e l  c e l l .  

S t e a d y - s t a t e  p o l a r i z a t i o n  measurements o f  t h e  s i x  

e l e c t r o d e s  y i e l d e d  T a f e l  s lopes  w h i c h  ranged  f r o m  -47 mV p e r  

decade f o r  t h e  CoTMPP e l e c t r o d e ,  t o  -68 mV p e r  decade f o r  

t h e  IFC g o l d / p l a t i n u m  e l e c t r o d e .  These v a l u e s  a r e  h i g h e r  

t h a n  t h e  e x p e c t e d  T a f e l  s l o p e  o f  -29.6 m V  p e r  decade f o r  an 

e l e c t r o d e  on w h i c h  HO; d e c o m p o s i t i o n  i s  t h e  r a t e  

l i m i t i n g  s t e p .  SSP measurements y i e l d e d  r a t e  c o n s t a n t s  

w h i c h  were r e a s o n a b l e  f o r  t h e  e l e c t r o d e s  w i t h  t h e  s m a l l e s t  

T a f e l  s l o p e s .  The CoTMPP e l e c t r o d e  had a T a f e l  s l o p e  o f  -47 

m V  p e r  decade, and SSP measurements y i e l d e d  a r a t e  c o n s t a n t  

w h i c h  was a b o u t  f o u r  t i m e s  l e s s  t h a n  t h e  r a t e  c o n s t a n t s  as 

d e t e r m i n e d  by  RDE, oxygen probe,  and g a s o m e t r i c  s t u d i e s .  

The Hughes p l a t i n u m  e l e c t r o d e  had a T a f e l  s l o p e  o f  -49 mV 

p e r  decade, and t h e  r a t e  c o n s t a n t  measured by SSP was a b o u t  

t h r e e  t i m e s  l e s s  t h a n  t h e  r a t e  c o n s t a n t s  measured by  RDE, 

oxygen p r o b e  and gasomet r i c  s t u d i e s .  However, as t h e  

d e v i a t i o n  between t h e  expec ted  and measured T a f e l  s l o p e  

becomes l a r g e r ,  t h e  d i f f e r e n c e  between t h e  e x p e c t e d  r a t e  

c o n s t a n t  and t h e  measured r a t e  c o n s t a n t  i n c r e a s e s .  The 

T a f e l  s l o p e  o f  t h e  EMC p l a t i n u m  e l e c t r o d e  was -60 m V  p e r  

decade, and SSP measurements y i e l d e d  a r a t e  c o n s t a n t  t h a t  
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was about  seven t i m e s  l e s s  t h a n  t h e  r a t e  c o n s t a n t s  measured 

by RDE, oxygen probe,  and g a s o m e t r i c  s t u d i e s .  The IFC 

g o l d / p l a t i n u m  e l e c t r o d e  had a T a f e l  s l o p e  o f  -68 mV p e r  

decade, and t h e  r a t e  c o n s t a n t  d e t e r m i n e d  by SSP measurements 

was about  one n i n t h  o f  t h e  r a t e  c o n s t a n t s  measured by  RDE, 

oxygen probe and g a s o m e t r i c  s t u d i e s .  The s l o p e  o f  t h e  T a f e l  

p l o t  o f  t h e  E lec t rochem g o l d  e l e c t r o d e  was -268 mV p e r  

decade, and t h e  r a t e  c o n s t a n t  as d e t e r m i n e d  by  SSP 

measurements was t e n  o r d e r s  o f  magn i tude  s m a l l e r  t h a n  

expec ted .  The s l o p e  o f  t h e  T a f e l  p l o t  o f  t h e  

La 5Pb $!no3 e l e c t r o d e  was -310 mV p e r  decade, and SSP 

measurements y i e l d e d  a r a t e  c o n s t a n t  w h i c h  was seventeen 

o r d e r s  o f  magn i tude  s m a l l e r  t h a n  t h e  r a t e  c o n s t a n t s  as 

d e t e r m i n e d  by RDE, oxygen p robe  and g a s o m e t r i c  s t u d i e s .  The 

s l o p e s  o f  t h e  T a f e l  p l o t s  f o r  t h e  E l e c t r o c h e m  g o l d  and 

La 5Pb 5Mn03 e l e c t r o d e s  i m p l y  t h a t  mass t r a n s p o r t  i s  

r a t e  l i m i t i n g .  The p o o r  pe r fo rmance  o f  t h e  E lec t rochem g o l d  

and Lae5Pb 5Mn03 e l e c t r o d e s  may have been t h e  r e s u l t  

o f  improper  e l e c t r o d e  f a b r i c a t i o n .  I t  i s  o b v i o u s  from t h e  

T a f e l  s l o p e s  t h a t  HO; d e c o m p o s i t i o n  i s  n o t  t h e  r a t e  

l i m i t i n g  s t e p  under  t h e  c o n d i t i o n s  c i t e d  f o r  any o f  t h e  

e l e c t r o d e s  s t u d i e d .  O the r  p rocesses  l i k e  e l e c t r o n  t r a n s f e r  

a r e  p r o b a b l y  r a t e  l i m i t i n g  i n  t h e  c u r r e n t  r e g i o n  between 1 0  

and 1 0 0  m i l l i a m p s  c a t h o d i c .  It may be p o s s i b l e  t o  f i n d  a 

r e g i o n  be low 1 0  m i l l i a m p s  i n  wh ich  HO; d e c o m p o s i t i o n  i s  

t h e  r a t e  l i m i t i n g  s t e p .  F o r  example, a T a f e l  p l o t  o f  t h e  

EMC p l a t i n u m  e l e c t r o d e  i n  t h e  r e g i o n  between one and t e n  

. 

. 

. 
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m i l l i a m p s  gave a T a f e l  s l o p e  o f  -31 mV p e r  decade. SSP 

measurements o f  t h e  EMC e l e c t r o d e  i n  t h e  same c u r r e n t  r e g i o n  

y i e l d e d  a r a t e  c o n s t a n t  o f  ( 6 . 3 1 ~ 1 0 ' ~  cm/s w h i c h  compares 

f a v o r a b l y  w i t h  t h e  v a l u e  o f  ( 9 . 8 ) ~ 1 0 - ~  cm/s measured by 

R D E  s t u d i e s .  However, i n  p r a c t i c e  t h e  i n t e r p r e t a t i o n  o f  t h e  

c a t h o d i c  p o l a r i z a t i o n  c u r v e s  a t  l o w  c u r r e n t  d e n s i t i e s  may be 

c o m p l i c a t e d  by r e s i d u a l  carbon o x i d a t i o n  c u r r e n t s  [40] .  

P l a t i n u m  i s  one o f  t h e  b e s t  HO; decomposers known, 

and has t h e  h i g h e s t  a c t i v i t y  o f  t h e  f o u r  c a t a l y s t s  

surveyed.  I n  t h e  absence o f  i m p u r i t i e s  p l a t i n u m  reduces  

oxygen p r i m a r i l y  by way o f  t h e  d i r e c t  f o u r  e l e c t r o n  

r e d u c t i o n  t o  OH- [9,10,14]. As a r e s u l t ,  p l a t i n u m  has 

been used e x t e n s i v e l y  as the  ca thode  i n  hydrogen-oxygen f u e l  

c e l l s .  One o f  t h e  m a j o r  problems w h i c h  p r e v e n t s  t h e  

w idesp read  use o f  f u e l  c e l l s  i s  t h e  l o s s  o f  s u r f a c e  a r e a  o f  

t h e  s u p p o r t e d  p l a t i n u m  b l a c k  c a t a l y s t  w i t h  t i m e .  T h i s  l o s s  

has been a t t r i b u t e d  t o  the g r a d u a l  d i s s o l u t i o n  o f  p l a t i n u m  

f r o m  t h e  c a t h o d e  and r e d e p o s i t i o n  i n  t h e  e l e c t r o l y t e  

c o n t a i n i n g  m a t r i x  [561. A t tempts  have been made t o  s o l v e  

t h i s  p rob lem by u s i n g  s i n t e r i n g  i n h i b i t o r s  o r  h i g h  s u r f a c e  

a r e a  c a t a l y s t  s u p p o r t s  [571.  However, t h e s e  e f f o r t s  have 

been o n l y  p a r t i a l l y  s u c c e s s f u l .  

The measured a c t i v i t y  o f  g o l d  powder f o r  HO; 

d e c o m p o s i t i o n  i s  a b o u t  an o r d e r  o f  magn i tude  less t h a n  t h e  

a c t i v i t y  o f  p l a t i n u m .  It has been r e p o r t e d  t h a t  i n  an 

a l k a l i n e  s o l u t i o n  t h e  m a j o r  p a t h  f o r  oxygen r e d u c t i o n  on 

g o l d  i s  t h e  two e l e c t r o n  r e d u c t i o n  t o  HO; [22,58]. 
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However, work a t  P&WA's f u e l  c e l l  f a c i l i t y  d e m o n s t r a t e d  t h a t  

g o l d  i s  an e x c e l l e n t  c a t a l y s t  f o r  oxygen r e d u c t i o n  and i s  a t  

l e a s t  t h e  e q u a l  o f  p l a t i n u m  [561. These c l a i m s  w o u l d  seem 

c o n t r a d i c t o r y  as good pe r fo rmance  i s  u s u a l l y  a s s o c i a t e d  w i t h  

a h i g h  a f f i n i t y  f o r  t h e  d i r e c t  f o u r  e l e c t r o n  r e d u c t i o n  and 

HO; d e c o m p o s i t i o n  [28] .  

[ 5 9 ]  have r e p o r t e d  t h a t  a t  pH 1 4  t h e  e l e c t r o c a t a l y t i c  

a c t i v i t y  o f  t h e  g o l d  ( 1 0 0 )  f a c e  f o r  oxygen r e d u c t i o n  exceeds 

t h a t  o f  reduced p l a t i n u m .  Go ld  m i c r o c r y s t a l l i t e s  may 

p r e s e n t  (100)  f a c e s  a t  t h e  edges, and may c o n t a i n  s u r f a c e  

d e f e c t s  wh ich  c o u l d  a c t  as a c t i v e  s i t e s  [60] .  A l so ,  g o l d  i s  

n o t  o x i d i z e d  a t  c a t h o d i c  p o t e n t i a l s  and t h u s  w o u l d  n o t  be 

d i s s o l v e d  and t r a n s p o r t e d  f r o m  t h e  c a t h o d e  l i k e  p l a t i n u m  

[56] .  These f i n d i n g s  may e x p l a i n  t h e  h i g h  a c t i v i t y  o f  g o l d  

f o r  oxygen r e d u c t i o n .  

However, M c I n t y r e  and Peck 

CoTMPP i s  a p p r o x i m a t e l y  f i f t y  t i m e s  l e s s  a c t i v e  t h a n  

p l a t i n u m  f o r  HO; d e c o m p o s i t i o n ,  b u t  has a s u r f a c e  a r e a  

w h i c h  i s  abou t  t w e l v e  t i m e s  l a r g e r  t h a n  p l a t i n u m .  I n  an 

a l k a l i n e  s o l u t i o n ,  t h e  m a j o r  pathway f o r  r e d u c t i o n  o f  oxygen 

on  CoTMPP i s  t h e  two  e l e c t r o n  r e d u c t i o n  t o  HO; C241. 

However, i t  has been r e p o r t e d  t h a t  i n  a l k a l i n e  e l e c t r o l y t e ,  

p o l a r i z a t i o n  c u r v e s  o f  a h e a t  t r e a t e d  CoTMPP g a s - f e d  c a t h o d e  

a r e  b e t t e r  t h a n  t h o s e  o b t a i n e d  w i t h  . 5  mg/cm2 o f  h i g h l y  

d i s p e r s e d  p l a t i n u m  [9 ] .  D e s p i t e  e n c o u r a g i n g  r e s u l t s ,  

s t a b i l i t y  p rob lems have p r e v e n t e d  t h e  use  o f  t r a n s i t i o n  

m e t a l  m a c r o c y c l i c s  i n  p r a c t i c a l  ca thodes .  I n s t a b i l i t y  may 

be t h e  r e s u l t  of l o s s  o f  t h e  t r a n s i t i o n  m e t a l  f r o m  t h e  
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complex,  d e g r a d a t i o n  o f  t h e  m a c r o c y c l i c  l i g a n d ,  o r  

d e s o r p t i o n  o f  t h e  m a c r o c y c l i c  complex i n t o  t h e  s o l u t i o n  

[9 ] .  S e v e r a l  g roups  have r e p o r t e d  t h a t  h e a t  t r e a t m e n t  o f  

t r a n s i t i o n  m e t a l  m a c r o c y c l i c s  r e s u l t s  i n  c o n s i d e r a b l e  g a i n s  

i n  s t a b i l i t y  w i t h o u t  l o s s e s  i n  a c t i v i t y  C611. The i n c r e a s e d  

s t a b i l i t y  has been a t t r i b u t e d  t o  b i n d i n g  of  t h e  r e a c t i v e  

p a r t  of  t h e  l i g a n d  t o  carbon,  w h i c h  p r e v e n t s  o x i d a t i v e  

a t t a c k  [SO] .  

La 5Pb 5Mn03 i s  o n l y  about  f i v e  t i m e s  l e s s  a c t i v e  . . 
t h a n  p l a t i n u m  f o r  decompos i t i on  o f  HO;. 

h i g h  a c t i v i t y  f o r  HO; decompos i t i on ,  many o f  t h e  

p e r o v s k i t e s  have a h i g h  a f f i n i t y  f o r  t h e  f o u r  e l e c t r o n  

r e d u c t i o n  o f  oxygen [28,621. A1 so, many p e r o v s k i t e s  a r e  

I n  a d d i t i o n  t o  

s t a b l e  i n  a l k a l i n e  medium and have h i g h  c o n d u c t i v i t y  [63] .  

As a r e s u l t ,  p e r o v s k i t e s  have been i n t e n s e l y  s t u d i e d  as 

oxygen r e d u c t i o n  e l e c t r o c a t a l y s t s  [63-663. 

Carbon i s  o f t e n  added t o  t h e  Te f lon -bonded  e l e c t r o d e s  

t o  i n c r e a s e  c o n d u c t i v i t y ,  p r e v e n t  c a t a l y s t  a g g l o m e r a t i o n ,  

and t o  i n s u r e  r e v e r s i b i l i t y  o f  t h e  two e l e c t r o n  r e d u c t i o n  o f  

oxygen. However, d u r i n g  l o n g  t e r m  o p e r a t i o n  t h e  c a r b o n  

s u r f a c e  i s  o x i d i z e d ,  r e s u l t i n g  i n  a decrease i n  e l e c t r o d e  

per fo rmance.  A t t e m p t s  have been made t o  c h e m i c a l l y  p r e t r e a t  

t h e  c a r b o n  s u r f a c e  i n  o r d e r  t o  a c h i e v e  g r e a t e r  s t a b i l i t y .  

An i n t e r e s t i n g  a l t e r n a t i v e  t o  t h e  use o f  c a r b o n  s u p p o r t s  i s  

t h e  a d d i t i o n  o f  a s t a b l e  c o n d u c t i n g  o x i d e  i n  p l a c e  o f  t h e  

carbon.  Carbons w i t h  a h i g h  m i n e r a l  o r  ash c o n t e n t  a l s o  

c a t a l y z e  t h e  d e c o m p o s i t i o n  o f  HO;. However, t h e  
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carbons used i n  t h i s  study are n o t  expected t o  contribute 

appreciably to  the decomposition o f  HO;. 

. I  
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V .  CONCLUSIONS 

Sur face  a r e a  measurements by BET y i e l d e d  r e a s o n a b l e  

r e s u l t s  i n  t h e  absence o f  carbon.  When ca rbon  was added t o  

t h e  Tef lon-bonded e l e c t r o d e s ,  BET measurements o f  t h e  a c t i v e  

c a t a l y s t  s u r f a c e  a r e a  became e r r o n e o u s l y  l a r g e .  A s i m i l a r  

t r e n d  a p p l i e d  t o  s u r f a c e  a rea  measurements by d o u b l e  l a y e r  

c a p a c i t a n c e .  Hydrogen a d s o r p t i o n  measurements worked w e l l  

f o r  t h e  p l a t i n u m  e l e c t r o d e s  w i t h o u t  carbon,  b u t  hydrogen 

s p i l l o v e r  o n t o  t h e  c a r b o n  s u p p o r t  may have i n t e r f e r e d  w i t h  

t h e  d e t e r m i n a t i o n  o f  p l a t i n u m  s u r f a c e  a r e a  o f  t h e  EMC 

e l e c t r o d e .  S u r f a c e  a r e a s  were a1 so de te rm ined  f r o m  

c a l c u l a t i o n s  based on c a t a l y s t  s u r f a c e  a rea  and e l e c t r o d e  

l o a d i n g .  

Gasomet r ic ,  oxygen probe,  and RDE s t u d i e s  y i e l d e d  r a t e  

c o n s t a n t s  wh ich  were comparable f o r  t h e  f o u r  c a t a l y s t s  

surveyed.  O f  t h e  t h r e e  methods, RDE s t u d f e s  p r o b a b l y  gave 

t h e  most  r e l i a b l e  r e s u l t s .  However, g a s o m e t r i c  and oxygen 

p r o b e  s t u d i e s  a l s o  y i e l d e d  f a i r l y  r e l i a b l e  r e s u l t s  and do 

n o t  r e q u i r e  e x p e n s i v e  equipment .  Oxygen p robe  s t u d i e s  a r e  

t h e  most  c o n v e n i e n t  as t h e y  r e q u i r e  l i t t l e  i n t e r a c t i o n  

between t h e  o p e r a t o r  and t h e  i n s t r u m e n t .  

O p e n - c i r c u i t  p o t e n t i a l  decay measurements can be used 

t o  d e t e r m i n e  HO; d e c o m p o s i t i o n  r a t e  c o n s t a n t s  on 

Tef lon-bonded e l e c t r o d e s  p r o v i d e d  t h a t  t h e  e l e c t r o d e  

c o n t a i n s  ca rbon .  The presence o f  carbon i n s u r e s  t h e  
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r e v e r s i b i l i t y  o f  t h e  t w o  e l e c t r o n  r e d u c t i o n  o f  oxygen, w h i c h  

i s  an u n d e r l y i n g  assumpt ion  i n  t h e  d e r i v a t i o n  o f  e q u a t i o n  

(11). When c a r b o n  i s  absent ,  e q u a t i o n  (11) may n o t  be 

v a l i d ,  and t h e  r e s u l t i n g  r a t e  c o n s t a n t s  become e r r o n e o u s l y  

l a r g e .  It i s  a l s o  i m p o r t a n t  t o  be a b l e  t o  a c c u r a t e l y  

d e t e r m i n e  t h e  t r u e  a c t i v e  s u r f a c e  a r e a  o f  t h e  c a t a l y s t  i n  

t h e  Tef lon-bonded e l e c t r o d e s .  S u r f a c e  a r e a  measurements a r e  

c o m p l i c a t e d  by t h e  presence o f  carbon,  and u n c e r t a i n t i e s  i n  

t h e  c a t a l y t i c  s u r f a c e  a r e a  can l e a d  t o  l a r g e  e r r o r s  i n  t h e  

v a l u e  o f  t h e  d e c o m p o s i t i o n  r a t e  c o n s t a n t .  

Measurements o f  HO; d e c o m p o s i t i o n  r a t e  c o n s t a n t s  

by s t e a d y - s t a t e  p o l a r i z a t i o n  have been o n l y  m a r g i n a l l y  

s u c c e s s f u l .  SSP measurements y i e l d e d  r a t e  c o n s t a n t s  w h i c h  

were r e a s o n a b l e  f o r  t h e  e l e c t r o d e s  whose T a f e l  s l o p e s  

approached t h e  e x p e c t e d  v a l u e  o f  - 2 9 . 6  mV p e r  decade. 

However, when t h e  T a f e l  s l o p e s  d e v i a t e d  a p p r e c i a b l y  f r o m  t h e  

e x p e c t e d  va lue ,  t h e  e r r o r  o f  t h e  measured r a t e  c o n s t a n t s  

became e x t r e m e l y  l a r g e .  

Each o f  t h e  above men t ioned  methods can be used t o  

measure HO; d e c o m p o s i t i o n  r a t e  c o n s t a n t s  p r o v i d e d  t h a t  

p r e c a u t i o n s  a r e  t a k e n  t o  i n s u r e  t h e  v a l i d i t y  o f  t h e  

assumpt ions  used i n  t h e  d e r i v a t i o n  o f  t h e  e q u a t i o n s  used 

h e r e i n .  F o r  OCPD s t u d i e s ,  i t  i s  i m p o r t a n t  t h a t  c a r b o n  i s  

i n c l u d e d  i n  t h e  Tef lon-bonded e l e c t r o d e s  t o  i n s u r e  t h e  

r e v e r s i b i l i t y  o f  t h e  two e l e c t r o n  r e d u c t i o n  o f  oxygen. F o r  

SSP s t u d i e s ,  i t  i s  i m p o r t a n t  t h a t  t h e  measured T a f e l  s l o p e  

o f  t h e  Tef lon-bonded e l e c t r o d e  approaches t h e  e x p e c t e d  v a l u e  

o f  - 2 9 . 6  mV p e r  decade. 74 
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APPEND I X 

D e r i v a t i o n  o f  E q u a t i o n  ( 1 1 )  131,401 

The two e l e c t r o n  r e d u c t i o n  o f  oxygen (see  r e a c t i o n  (2) ) i s  

r e v e r s i b l e  on h i g h  s u r f a c e  a r e a  carbon,  and t h e  N e r n s t  e q u a t i o n  I 
f o r  t h i s  r e a c t i o n  i s  g i v e n  by,  

E = Eo - R T / N F X l n [ ~ 0 2 - X ~ H - / ~ 2 0 X ~ 2 ]  

If t h e  f o l l o w i n g  assumpt ions  a r e  v a l i d ,  

( 1 5 )  

1 .  The O2 p a r t i a l  p r e s s u r e  w i t h i n  t h e  e l e c t r o d e  must  r e m a i n  

a t  one atmosphere.  

2. The HO; c o n c e n t r a t i o n  i s  u n i f o r m  w i t h i n  t h e  w e t t e d  

p o r t i o n  o f  t h e  e l e c t r o d e  e x c e p t  on t h e  m i c r o s c o p i c  s c a l e  

a round  each c a t a l y s t  p a r t i c l e .  

D i f f u s i o n  o f  HO; o u t  o f  t h e  e l e c t r o d e  i s  r e l a t i v e l y  

s low.  

3. 

4. The p o t e n t i a l  i s  n o t  p e r t u r b e d  by t h e  p r e s e n c e  o f  o t h e r  

r e d o x  coup1 es.  

The a c t i v i t y  c o e f f i c i e n t s  o f  HO; and OH- a r e  e q u a l .  5. 

t h e  N e r n s t  e q u a t i o n  can be m o d i f i e d :  

Et = E '  - RT/2Fxln(CHO;)t + RT /2Fx ln (P02)  ( 1 6 )  

h e r e  t h e  p o t e n t i a l  a t  t i m e  t, E t ,  i s  r e l a t i v e  t o  t h e  Hg/HgO 

r e f e r e n c e  e l e c t r o d e  and, 

E '  = E 0 (02/HO;)  + Eo(Hg/HgO) + RT /2FX ln (C iH)  

( 1  7 )  

= -.209 V vs .  Hg/HgO i n  31% K O H  a t  25 C. 
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. -  

I .  

Assuming PO2 = 1, 

E t  = -.209 V - R T / ~ F x ~ ~ ( C H O ; ) ~  (18 ) .  

F o r  f i r s t  o r d e r  d e c o m p o s i t i o n  o f  HO;, 

(V1 /Ac)X(dC/d t )  = khetXC ( 1 9 ) .  

Then, 

Et = E '  - R T / ~ F X ~ ~ ( C ~ ~ ~ ) ~  + RT/2Fxkt  ( 2 0 ) .  

As t h e  t o t a l  c a p a c i t a n c e  o f  t h e  e l e c t r o d e  d i s c h a r g e s ,  t h e r e  i s  a 

f u r t h e r  c a t h o d i c  p r o d u c t i o n  o f  HO; v i a  e q u a t i o n  ( 2 ) .  

d i s c h a r g e  c u r r e n t  i s  , 
The 

I = C t o t ( d E / d t )  ( 2 1 ) .  

The r a t e  o f  appearance o f  HO; due t o  t h i s  c u r r e n t  f l o w  i s ,  

(V1 /Ac )X(dC/d t )  = - ( I / 2 F A c )  ( 2 2 ) .  

S u b s t i t u t i n g  e q u a t i o n  (21 i n t o  e q u a t i o n  ( 2 2 1 ,  

(V , /Ac )x (dC/d t )  = (C t /2FAc)x (dE /d t )  ( 2 3 ) .  

From t h e  N e r n s t  e q u a t i o n ,  

dE = -I: (RT/2F ) X  ( d C i o 2 / C i o 2  I ( 2 4 ) .  

S u b s t i t u t i n g  e q u a t i o n  ( 2 4 )  i n t o  e q u a t i o n  (231, 

(V, /Ac ) x ( d C / d t )  = (C,RT/4F2Ac)x(l / C ) x ( d C / d t )  

( V 1 / A c ) x ( d C / d t )  - (CtRT/4F2Ac)(l/C)(dC/dt) = -kxC 

(25). 

Adding  e q u a t i o n s  ( 1 9 )  and ( 2 5 )  and r e a r r a n g i n g ,  

( 2 6 ) .  

M u l t i p l y i n g  t h r o u g h  by d t  and d i v i d i n g  by c,  

(V1/Ac)(dC/C) - (CtRT/4F2Ac)(dC/C2) = - k d t  ( 2 7 ) .  

A f t e r  i n t e g r a t i o n ,  

( V 1 / A c ) [ l n ( C / C o ) l  - (RTCt/4F2Ac)[ l /C - l / C o l  = - k t  

(281, 

w h i c h  i s  e q u a t i o n  ( 1 1 ) .  
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